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Abstract 
Researchers and practitioners can use numerous techniques to measure or estimate 
evapotranspiration (ET) from turfgrass but little is known about how they compare to ET using 
standard lysimeters. An investigation was conducted to compare measurements of ET from 
lysimeters (LYSET) with ET estimates from the FAO56 Penman-Monteith (PMET) and Priestley-
Taylor (PTET) empirical models, atmometers (ATET), eddy covariance (ECET), and a canopy 
stomatal conductance model that estimates transpiration (CONDT). Methods were compared at 
the same site during the 2010, 2011, and 2012 growing seasons. Overall, PTET and ECET were 
not different from LYSET, whereas PMET, ATET, and CONDT, increasingly underestimated 
LYSET. Differences exist among ET measurement techniques and one should employ the 
technique that best fits their situation. 
An atmometer is an inexpensive tool that can be used to measure turfgrass ET within 
microclimates, such as those typically found in an urban home lawn. An investigation was 
conducted to compare ATET estimates with PMET estimates within a number of lawn 
microclimates. Home lawns in Manhattan and Wichita, KS, were selected for study during the 
growing seasons of 2010 and 2011. Open sward ATET was 4.73 mm d
-1
, whereas PMET was 5.48 
mm d
-1
. Within microclimates, ATET was 3.94 mm d
-1
 and PMET 3.23 mm d
-1
. Atmometers can 
provide practitioners with reliable estimates of PMET within microclimates. 
Zoysiagrass (Zoysia spp.) is a common turfgrass used on home lawns and golf courses. 
However, poor shade tolerance and cold hardiness have limited its use in the transition zone. A 
study was conducted to determine changes and differences in growth and physiology among 
selected Zoysia over a three-year period (2010-2012) in the transition zone. The genotypes were 
'Emerald' [Z. japonica × Z. pacifica], 'Zorro' [Z. matrella], 'Meyer' and Chinese Common [Z. 
japonica], and experimental progeny Exp1 [Z. matrella × Z. japonica], and Exp2 and Exp3 [(Z. 
japonica × Z. pacifica) × Z. japonica]. 'Zorro' and 'Emerald' experienced winter injury. 'Meyer', 
Chinese Common, and Exp1 showed poor performance over the three-years. The Exp2 and Exp3 
progeny, maintained high percent cover, visual quality, and tiller density, and may provide 
practitioners more shade-tolerant cultivar choices in the transition zone. 
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Chapter 1 - Turfgrass Evapotranspiration Measurement: a 
Comparison of Techniques 
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 Abstract 
Evapotranspiration (ET) can be measured directly using lysimeters or eddy covariance, 
estimated using empirical models, or simulated using an atmometer. These techniques are widely 
used by researchers and practitioners but little is known about how they compare to each other. 
An investigation was conducted to compare measurements of ET from lysimeters (LYSET) with 
ET estimates from the FAO56 Penman-Monteith (PMET) and Priestley-Taylor (PTET) empirical 
models, atmometers (ATET), eddy covariance (ECET), and transpiration from a canopy stomatal 
conductance model (CONDT), all at the same site. The investigation was conducted at the Rocky 
Ford Turfgrass Research Center at Manhattan, KS, within a sward of tall fescue (Festuca 
arundinacea Schreb.) turfgrass. Evapotranspiration data were collected on precipitation free days 
during the growing season in 2010 through 2012. Data were analyzed using root mean square 
error (RMSE), mean bias error (MBE), percent error (%E), index of agreement (d), paired t-test, 
and regression analysis. Overall mean ET from the techniques were, from greatest to least, 
LYSET (5.58 mm d
-1
), PTET (5.44 mm d
-1
), ECET (5.32 mm d
-1
), PMET (5.17 mm d
-1
), ATET (4.61 
mm d
-1
), and CONDT (4.14 mm d
-1
). Priestley-Taylor ET and ECET were not different from 
LYSET, based on paired t-test, and had the lowest MBE. The PMET and PTET models had the 
lowest RMSE and highest d. Atmometer ET and CONDT underestimated LYSET the greatest, %E 
= -15.0 and -29.6%, respectively. Practitioners and researchers should be aware of differences 
among ET measurement techniques and employ the technique that best fits their situation. 
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 Introduction 
Turfgrasses in the United States are estimated to cover 16 to 20 million hectares, an area 
three times larger than any irrigated crop (Morris, 2003; Milesi et al., 2005). The total turfgrass 
area in the United States is likely to increase greatly as urbanization continues to expand (Alig et 
al., 2004). Irrigation of turfgrasses in urban areas is a common practice, creating an increasing 
demand for water in expanding urban areas. However, many homeowners do not understand how 
to manage the irrigation for their lawn (Bremer et al., 2012; Bremer et al., 2013). A better 
understanding of turfgrass irrigation requirements (i.e. ET) would help homeowners manage 
their irrigation more efficiently, reducing the demand for water. 
Accurate measurement or estimation of ET is very important for irrigation management 
and scientific research. A number of techniques are available to measure or estimate ET. 
Practitioners and researchers will often select a single method of ET estimation for determining 
irrigation requirements. Each method has its positive and negative attributes (Allen et al., 2011). 
Selection of one method over another could lead to inaccurate or biased ET information, 
resulting in incorrect irrigation recommendations or an incorrect interpretation of results. 
 Lysimeters 
Lysimeters are perhaps the oldest ET measurement technology. Feldhake et al. (1983) 
used lysimeters to determine factors influencing ET in urban microclimates. Using lysimeters in 
full sun and varying degrees of shade, they found that ET increased linearly with solar radiation. 
They also observed that Kentucky bluegrass [Poa pratensis (L.)] mowed at 5 cm used 13% more 
water than when mowed at 2 cm.  
Lysimeters are often used as the standard for developing and determining the accuracy of 
other ET measurement techniques, especially empirical models (Allen, 1986; Allen et al., 1989; 
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Fry et al., 1997; López-Urrea et al., 2006; Chávez et al., 2009; Trajkovic, 2010). However, 
lysimeters may not always provide correct measurement of actual ET. A common error in 
lysimeter ET calculation is the definition of the effective evaporative surface area of the 
lysimeter (Allen et al., 1991; Allen et al., 2011). Overlap of vegetation from within to outside of 
the lysimeter combined with lysimeter wall thickness and the gap between the lysimeter and 
surrounding soil should be considered when defining effective lysimeter surface area (Fig. 1.1; 
Allen et al., 1991; Allen et al., 2011). Improper filling of the lysimeter container with soil could 
lead to different soil physical properties than the surrounding soil, resulting in different plant 
growth characteristics (Hershey, 1990). Turfgrass research often utilizes microlysimeters that are 
small enough for an individual to handle and can be replicated for determination of varietal 
differences in ET. Bremer (2003) investigated water content and plant growth from several 
common microlysimeter designs. Leaf area index and biomass were altered by microlysimeter 
design, which affected ET, and differences in soil fill contributed to differences in ET. Hence, 
lysimeter design choice is crucial to accurately measure ET. 
 Empirical models 
Empirical models are used for estimating potential ET (ETp) or reference ET (ETo). 
Potential ET is the maximum ET possible under non water-limiting conditions whereas reference 
ET is the ET possible for a vegetated surface. In 1948, Penman published his paper "Natural 
evaporation from open water, bare soil and grass", which was the first attempt to incorporate 
atmospheric and plant physics into estimates of ETp (Penman, 1948, 1956, 1963). Monteith 
(1965) utilized the work by Penman to derive an improved evaporation equation incorporating 
physiological characteristics of stomata into the equation. This new combination approach 
presented by Monteith (1965) is: 
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where Δ is the slope of the saturation vapor pressure curve (kPa K-1), Rn is net radiation (W m
-2
), 
G is soil heat flux (W m
-2
), ra is aerodynamic resistance (s m
-1
), rs is surface resistance (s m
-1), ρ 
is air density (kg m
-3
), Cp is specific heat of air (J kg
-1
 K
-1
), es is saturation vapor pressure (kPa), 
ea is actual vapor pressure of the air (kPa), γ is the psychometric constant (kPa K
-1), and λ is 
latent heat of vaporization (J kg
-1
), which provides ETo and not ETp, allowing for model use 
under water-limiting conditions. The Food and Agriculture Organization (FAO56-PM, Allen et 
al., 1998) along with the American Society of Civil Engineers (ASCE-EWRI, 2005) have 
published standardized versions of the Penman-Monteith equation that are widely used. Allen et 
al. (1998, 2006) defined the grass reference surface as a cool-season grass that is clipped to 0.12 
m, has a surface resistance of 70 s m
-1
, and an albedo of 0.23. Recently, ASCE-EWRI (2005) and 
Allen et al. (2006) showed that using a surface resistance of 50 s m
-1
 during daytime and 200 s 
m
-1
 during nighttime improved ETo accuracy, this recommendation is supported by other 
research as well (Trajkovic, 2010).  
The Penman-Monteith ETo equation's measurement reliability and accuracy has been 
compared to other equations (Itenfisu et al., 2003; López-Urrea et al., 2006) and lysimeters 
(Howell et al., 2000; Bakhtiari et al., 2011). López-Urrea et al. (2006) determined that the 
FAO56-PM equation was the most precise of the seven models used in their study compared to 
lysimeter ET. Howell et al. (2000) found the FAO56-PM equation to overestimate in the spring 
and fall (i.e. when ET rates are low) while underestimating during the summer (i.e. when ET 
rates are high), compared to lysimeter measurements. In Iran, the FAO56-PM equation did not 
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perform as well as the FAO-24 radiation equation under dry and advective conditions (Bakhtiari 
et al., 2011). 
Priestley and Taylor (1972) proposed an ETp equation requiring only net or solar 
radiation and air temperature measurements. Their equation is: 
 
 
 γΔλ
GRΔ
αET np



 [2] 
where α is a coefficient commonly set at 1.26, and all other variables were previously defined in 
the Penman-Monteith model (Eq. 1). This equation can be viewed as a simplified version of the 
Penman equation, working best under humid conditions (Rosenberg et al., 1983). However, 
unlike the Penman-Monteith equation, the Priestley-Taylor (PT) approach is an estimate of ET 
for use under non-advective or non-water-limiting conditions (Rosenberg et al., 1983). Suleiman 
and Hoogenboom (2007), however, observed PT to overestimate ET during the summer in 
Georgia, a humid climate, and that the Penman-Monteith equation would improve irrigation 
efficiency. Stannard (1993) found that the Penman-Monteith equation did not perform well when 
vegetation was not fully closed, but that the PT equation did perform very well under such 
conditions.  
 Eddy covariance 
The eddy covariance (EC) technique is a method for measuring carbon dioxide and water 
fluxes. Swinbank (1951) proposed a technique to measure vertical flux of water vapor in the 
atmosphere that is: 
  
'
a
'
a ewρ
P
ε
E   [3] 
where E is water vapor flux, ε is the ratio of molecular weights of water vapor and dry air, P is 
atmospheric pressure, ρa is the density of moist air, w' is the instantaneous departure from the 
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mean of the vertical wind velocity, ea' is the instantaneous departure from the mean of the vapor 
pressure, and the overbar indicates that the variables are an average. The two main components 
of an EC system are the infrared gas analyzer, to measure CO2 and H2O concentration, and an 
ultrasonic anemometer to measure wind direction and velocity. These measurements are often 
taken at frequencies as great as 10-20 Hz (10-20 times a second). The instruments require 
frequent maintenance, are expensive, and the data require extensive post-processing (Rosenberg 
et al., 1983; Meyers and Baldocchi, 2005; Foken, 2008b; Allen et al., 2011; Leuning et al., 
2012). The EC technique can provide a measure of actual ET if a number of criteria are met 
(Baldocchi, 1988; Foken, 2008b). However, much concern with this technique has centered on 
the inability to close the energy balance equation (Foken, 2008a). The energy balance equation 
is: 
 Rn – G = H + λE [4] 
where Rn is net radiation, G is soil heat flux, H is sensible heat flux, and λE is latent heat flux. 
The lack of closure has been attributed to H + λE being underestimated as compared to Rn - G by 
as much as 30% (Twine et al., 2000; Wilson et al., 2002; Foken, 2008a; Leuning et al., 2012). 
Typically, when there is a lack of energy balance closure, the Bowen ratio (Bowen, 1926) is used 
to force closure of the energy balance (Twine et al., 2000). Kochendorfer et al. (2012) found that 
the type of sonic anemometer used to measure wind velocities could explain the lack of energy 
balance closure from EC measurements. When wind velocity is corrected, they found that CO2, 
sensible heat, and latent heat fluxes were increased by approximately 11%. 
 Atmometers 
An atmometer is a simple tool that may provide accurate ETo data at a fraction of the cost 
of most other techniques. The porous Bellani plate atmometer described by Livingston (1915) 
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was modified by Altenhofen (1985) to cover the ceramic plate with a green canvas having an 
albedo similar to alfalfa and resistance to water diffusion similar to stomata. Several researchers 
have reported that corrections to atmometer ETo are necessary, using the Penman-Monteith ETo 
equation as the standard, under humid/rainy (Irmak et al., 2005; Chen and Robinson, 2009) and 
semi-arid (Alam and Trooien, 2001) climates. In contrast, good agreement was found between 
the atmometer and Penman-Monteith ETo in a semi-arid environment, and no corrections were 
necessary (Magliulo et al., 2003; Gavilan and Castillo-Llanque, 2009). 
 Infrared Thermometry 
Leaf or plant canopy temperature can be an indicator of plant water status. The process of 
transpiration, or evaporation of water from the surface of leaves, lowers the temperature of the 
canopy. Stomata are the main mechanisms that control the conductance of water vapor from the 
leaf interior to the atmosphere. Specifically, as water inside the leaf evaporates it must exit 
through stomata, which open and close to regulate the rate of water vapor flux. In water-stressed 
plants, stomata begin to close and evaporative, or transpirational cooling, is reduced resulting in 
greater canopy temperatures.  
Measuring the temperature of a leaf or canopy surface can help researchers understand 
and quantify the transport of energy from leaf to atmosphere. The temperature of the canopy, or 
leaf, can be measured with thermocouples. However, this technique requires the thermocouple to 
be in direct contact with the leaf and does not provide an accurate representation of the entire 
leaf or canopy (Tanner, 1963). An infrared thermometer (IRT) can remotely measure the 
integrated temperature of multiple leaves in a plant canopy, eliminating the problems associated 
with thermocouple measurements. Infrared thermometers measure the canopy temperature based 
upon received thermal radiation in the 8 to 14 μm range (Jackson et al., 1980).  
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Infrared thermometers can be used to measure the plants temperature accurately, and with 
additional meteorological data (such as wind speed, air temperature, relative humidity, and solar 
radiation), plant responses, such as stomatal conductance, can be calculated. This technique may 
allow for the decoupling of ET (i.e., transpiration versus evaporation from the soil surface) as 
transpiration can be calculated by knowing stomatal and boundary layer conductance to water 
vapor. 
 Objective 
Allen et al. (2011) discussed a number of methods used for obtaining ET data and the 
potential biases in each. However, to our knowledge, no research exists in the literature that 
compares ET data obtained from these techniques simultaneously and side-by-side. Such a 
comparison would be invaluable in demonstrating their performance relative to each other when 
placed in the same environment. Therefore, the objective of this investigation was to compare 
measurements of ET from lysimeters with ET estimates from a number of techniques including 
the FAO56-PM and PT empirical models, atmometers, EC, and transpiration from a canopy 
stomatal conductance model, all at the same site. 
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 Materials and Methods 
This investigation was initiated in July 2010 at the Rocky Ford Turfgrass Research 
Center at Manhattan, KS, and continued during the growing seasons of 2011 and 2012. The 
study was conducted within a sward of tall fescue turfgrass. Soil type was a Chase silt loam 
(fine, montmorillonitic, mesic, Aquic, Argiudoll). The turfgrass was maintained at 10 cm 
mowing height. Irrigation was applied to prevent stress and to ensure that measurements were 
made under non water-limiting conditions. Evapotranspiration comparisons were conducted on 
precipitation free days and were continued on consecutive days until irrigation was necessary to 
maintain a plentiful supply of water to the turfgrass. 
 Lysimeters 
Three lysimeters were constructed from polyvinylchloride (Fig. 1.1). Intact cores of tall 
fescue were obtained at the study site and placed in each lysimeter. Wall thickness of the 
lysimeters was 1.03 cm, the gap between lysimeter and soil was 1.03 cm, the inside diameter was 
30.2 cm, and the depth was 22 cm (Fig. 1.1). Effective evaporating area of the lysimeter was 
0.0817 m
2
. A hole was drilled in the center of the bottom of each lysimeter to allow for free 
water drainage. The hole was plugged using a rubber stopper during measurement periods. At the 
beginning of each measurement period, water was added to the lysimeters to bring them above 
container capacity. Lysimeters were then allowed to drain freely overnight (~12-14 hrs). The 
following morning, lysimeters were weighed and that value was used as the initial lysimeter 
mass for the measurement period. On successive mornings during the measurement period, 
lysimeters were weighed (24 h mass) and water added to bring them back to the initial lysimeter 
mass. Lysimeter ET was calculated as: 
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Area gEvaporatin Effective
Mass24h Mass Initial
LYSET

  [5] 
where LYSET is in mm d
-1
, initial and 24 h mass in kg, and effective evaporating area in m
2
. 
 Empirical Models and Atmometers 
Three atmometers (ETgage Model E, ETgage Company, Loveland, CO) were placed 
within 0.5 m of a weather station at the study site. Atmometers were installed according to 
manufacturer instructions so that the top of the ceramic Bellani plate on the atmometer was 1 m 
above the ground. Grass reference evapotranspiration was obtained by covering the Bellani plate 
with the manufacturer supplied number 30 green canvas cover. Data from the atmometers were 
recorded with a datalogger (CR1000, Campbell Scientific, Logan, UT) and summed at 30-minute 
intervals. Atmometer ET was summed each day during measurement periods and the average of 
the three atmometers was used for comparison with LYSET. 
The weather station at the site recorded meteorological variables necessary to calculate 
ET from empirical models (Table 1.1). Weather station data were recorded at 1 Hz on the same 
datalogger used to record atmometer data; data were averaged and stored at 30-minute intervals. 
Data collected from the portable weather station were used to calculate ETo using the 
FAO56-PM empirical model and the PT radiation based empirical ET model. The FAO56-PM 
model is: 
 
   
 2d
as2
n
n
ET
uC1γΔ
eeu
273T
C
γGR0.408Δ
PM




  [6] 
where PMET is grass reference evapotranspiration (mm 30 min
-1
), u is the wind speed (m s
-1
) at 2 
m, Cn is the numerator constant for the 30-minute time step, Cd is the denominator constant for 
aerodynamic and surface resistances, and all other variables have been previously defined. Allen 
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et al. (2006) suggested that the FAO56-PM ETo method use variable resistance for daytime and 
nighttime periods. The resulting denominator constant, Cd, for hourly FAO56-PM ETo 
calculation is 0.24 during daytime (i.e. Rn > 0) and 0.96 during nighttime periods. 
Evapotranspiration from the Priestley-Taylor (Priestley and Taylor, 1972) empirical 
model was calculated from Eq. 2, all variables are as described for the FAO56-PM model. 
Thirty-minute ET values from FAO56-PM and PT were summed each day during the 
measurement periods.  
 Infrared Thermometry 
Four infrared radiometers (SI-111, Apogee Instruments, Inc., Logan, UT) were used to 
measure canopy temperature. Radiometers were installed at 1.5 m height, aimed in the compass 
directions, east, west, and south, with a view angle of 50° from nadir. The fourth radiometer was 
installed with a view angle of 0° from nadir. Canopy temperature was calculated as: 
 
 
4
4
sky
4
IRT
c
ε
Tε1T
T

  [7] 
where Tc, TIRT, and Tsky are canopy, IRT, and sky temperature, respectively, all in K. Emissivity 
of the grass canopy was assumed to be 0.97. Sky temperature was calculated from the model 
used by Blonquist et al. (2009) (personal communication). Meteorological data from the weather 
station were used along with the canopy temperature to calculate canopy stomatal conductance. 
Canopy stomatal conductance was calculated according to the model proposed by Blonquist et 
al. (2009): 
 
    
      acphnncBascv
acphnncBv
c
TTCgARPeeλg
TTCgARPg
g


  [8] 
where gv is boundary layer water vapor conductance (mol m
-2
 s
-1
), gh is boundary layer heat 
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conductance (mol m
-2
 s
-1
), Cp is the heat capacity of air (29.17 J mol
-1
 C
-1
), Tc is canopy 
temperature (°C), Ta is air temperature (°C), P is atmospheric pressure (kPa), ea is vapor pressure 
(kPa), esc is saturation vapor pressure at Tc (kPa), An is net assimilation (W m
-2
), the energy used 
in photosynthesis), Rnc is net radiation divergence in the canopy (W m
-2
), and λ is latent heat of 
vaporization (J mol
-1
). For a full explanation of the model and variable calculations, see 
Appendix A. 
Transpiration water loss, CONDT, can be calculated using gc and gv to calculate gt, total 
water vapor conductance. The CONDT for a 30-minute interval can be calculated as: 
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 
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P
ee
a1800gCOND sctT  [10] 
where a is 0.018 kg H2O mol
-1
 H2O. 
 Eddy Covariance 
An EC system was installed at the study site (Table 1.1). A 3-D sonic anemometer was 
oriented at 210° magnetic. The infrared gas analyzer was tilted 15° toward the footprint and 
separation distance from the sonic anemometer was 0.14 m. Eddy covariance data were recorded 
at 20 Hz and stored on a CR3000 (Campbell Scientific, Inc.) datalogger. Meteorological data 
were sampled at 10 s intervals and then averaged and stored at 30-minute intervals. Data were 
processed using EddyPro (version 4.1, Li-Cor, Inc., Lincoln, NE; Infrastructure for 
Measurements of the European Carbon Cycle Consortium). Axis rotation for tilt was corrected 
using the double rotation method. Detrending of turbulent fluctuations was conducted using the 
block average technique. Compensation of density fluctuations was conducted according to 
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Webb et al. (1980). Fast fourier transform using the Hamming window was conducted (Kaimal 
and Kristensen, 1991). Spectral corrections in the low frequency range were conducted according 
to Montcrieff et al. (2004) and in the high frequency range according to Montcrieff et al. (1997). 
Random uncertainty of flux estimation due to sampling errors was conducted according to 
Finkelstein and Sims (2001). Quality flags were used to determine the quality of data (Mauder 
and Foken, 2006). 
Gap-filling of EC sensible and latent heat fluxes was conducted using an online gap-
filling program (http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/, Max Planck Institute for 
Biogeochemistry, Jena, Germany). The gap-filling method is similar to Falge et al. (2001a,b) 
"but that consider both the covariation of fluxes with meteorological variables and the temporal 
auto-correlation of the fluxes" (Reichstein et al., 2005). Missing flux values and flux values that 
were flagged with a value of "2" using the method described by Mauder and Foken (2006) were 
replaced with gap-filled values. 
Energy balance closure was forced using the Bowen ratio, B = H / LE, (Twine et al., 
2000; Chávez et al., 2005; Chávez et al., 2009) obtained from the sonic anemometer. This 
method assumes that the sonic anemometer correctly estimated B. Energy balance closure is 
forced by finding the quantity of energy needed to add to the gap-filled fluxes: 
 D = Rn – G – H – LE, [11] 
 ΔLE = D / (1 + B), [12] 
 ΔH = D – ΔLE, [13] 
 LE = LE + ΔLE, and [14] 
 H = H + ΔH, [15] 
15 
 
where D is the energy balance residual, ΔH and ΔLE represent the lacking energy to close the 
energy balance. 
Latent heat fluxes (W m
-2
) were converted to ET using the equation: 
 M
ρλ
LEC
EC
w
ET 


  [16] 
where ECET is eddy covariance measured ET (mm 30 min
-1
), C is a time conversion (1800 for 30 
min. intervals), LE is measured from the EC system (W m
-2), λ is the latent heat of vaporization 
(MJ kg
-1), ρw is the density of water (1000 kg m
-3
), and M is a conversion factor to convert ET to 
mm (0.001). 
 Statistical Analysis 
Evapotranspiration values were compared to the corresponding mean LYSET value each 
day. Regression analysis (ETx = mLYSET + b) was conducted using the REG procedure of SAS 
(SAS Institute, Inc., Cary, NC) at P < 0.05, where "m" is the slope and "b" the dependent 
variable (ETx technique) intercept. Linear association between LYSET and the other ET 
measurement techniques was determined using the coefficient of determination (r
2
). Paired t-tests 
were conducted to determine differences between LYSET and the other ET measurement 
techniques using the TTEST procedure (SAS Institute, Inc., Cary, NC) at P < 0.05. The null 
hypothesis for the t-test was that the difference between techniques was zero. Root mean square 
error (RMSE), mean bias error (MBE), and mean percent error (%E) between LYSET and the 
other ET measurement techniques were calculated as: 
    
n
1i
2
ETx ii
LYSET
n
1
RMSE , [17] 
    
n
1i ETx ii
LYSET
n
1
MBE , and [18] 
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where n = number of observations, 
ix
ET  = evapotranspiration measurement technique, and 
iET
LYS  = lysimeter measured ET. 
An index of agreement (d) was used as a measure of association to overcome problems 
associated with RMSE and r
2
, such as the presence of any outlying data, (Willmott, 1981; 
Legates and McCabe, 1999). Like the coefficient of determination, the index of agreement 
produces a value between 0 and 1, with values closer to 1 indicating better agreement between 
LYSET and the other ET measurement techniques. The index of agreement was calculated as: 
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where the overbar indicates overall mean ET, all other variables have been previously defined. 
Differences between LYSET and the other ET measurement techniques (ET technique – 
LYSET) may not be similar under all climatic conditions. Therefore, ET difference (ET technique 
– LYSET) was correlated with meteorological variables (net radiation, air temperature, vapor 
pressure deficit, and wind speed) during the daytime, where Rn > 0. Pearson correlation 
coefficients and statistical significance are reported to determine relationships among the 
variables with observed ET differences.  
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 Results and Discussion 
Three lysimeters were used in this study to obtain a better estimate of actual ET. Data 
indicated there was good agreement among the three lysimeters. Standard error of lysimeter 
measurements ranged from 0.01 to 0.88 mm d
-1
 with an average standard error of 0.25 mm d
-1
. 
Similarly, among the three atmometers used in this study, standard error for ET ranged from 0.00 
to 0.68 mm d
-1
 with an average standard error of 0.11 mm d
-1
. 
 Empirical Models 
The two empirical models, FAO56-PM and PT had the highest index of agreement, 0.93 
and 0.92, respectively, and lowest RMSE, 1.00 and 1.08 mm d
-1
, respectively, when compared to 
LYSET (Table 1.2). However, the models did not perform equally with the lysimeters. According 
to the t-tests, PTET was similar to LYSET while PMET was different from LYSET. The PMET %E 
was -4.4%, while PTET %E was 1.9%. The MBE of PTET was -0.13 mm d
-1
 and PMET MBE was 
-0.40 mm d
-1
. This indicates that less variability was observed between PTET comparisons to 
LYSET than PMET. However, regression analysis indicates a better fit for PMET than PTET to 
LYSET (Fig. 1.2). The difference between the two techniques is expected because the two models 
are vastly different. The PT model is a potential ET calculation based heavily on net radiation 
and should perform best under non water-limiting conditions (Rosenberg et al., 1983). The 
FAO56-PM model is a combination approach that should generally produce a value closer to 
actual ET. 
The differences between PMET and LYSET were not significantly correlated with any 
individual meteorological variable (i.e. differences in ET between PMET and LYSET were similar 
at all values of each variable) (Table 1.3). However, differences between PTET and LYSET were 
significantly correlated with vapor pressure deficit and wind speed (Table 1.3). These 
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correlations illustrate the limitations of using the standard PTET in non-humid and strongly 
advective conditions. Conversely, two variables that are included in the PT model, air 
temperature and net radiation, were not significantly correlated with differences in ET between 
PTET and LYSET. This indicates that PT consistently and, presumably, accurately modeled the 
effects of air temperature and net radiation on ET. 
The FAO56-PM ET has been found to underestimate ET, especially during hot and dry 
conditions. Bakhtiari et al. (2011) observed ETo from six different models to underestimate 
LYSET in Iran. In their study, RMSE for PMET was 2.17 mm d
-1
 during periods of high 
evaporative demand and 1.70 mm d
-1
 during periods of low evaporative demand. Those values 
are much greater than those observed in this study. Similarly, Howell et al. (2000) found PMET to 
underestimate LYSET in the summer, especially when ET was greater than 8 mm d
-1
. Conversely, 
López-Urrea et al. (2006) found that PMET performance was better under high demand (summer) 
than during low demand periods (spring and autumn) compared to LYSET using tall fescue 
within a semiarid climate in Spain. The climate in which the ET measurements are conducted is 
likely an important factor influencing differences between PMET and LYSET. 
Fry et al. (1997) compared several empirical models to LYSET values (at the same 
location as our study site) from bermudagrass [Cynodon dactylon (L.) Pers. x C. transvaalensis 
Burtt-Davy], buffalograss [Buchloe dactyloides (Nutt.) Engelm.], zoysiagrass [Zoysia japonica 
Steud.], tall fescue, and perennial ryegrass [Lolium perenne L.]. They found the coefficients of 
determination to vary greatly with the model used, turfgrass species, cultivar, and mowing 
height. Their best coefficient of determination for the PT and Penman-Monteith models in tall 
fescue were 0.540 and 0.547, respectively. The coefficients of determination in this study were 
0.72 and 0.80, for PTET and PMET, respectively (Fig. 1.2). Qian et al. (1996) reported slopes of 
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0.91 and 1.02 from lysimeter-measured tall fescue ET compared to Penman-Montieth ET for 
their two study years, at the same location as our study site. However, their coefficients of 
determination were only 0.53 and 0.60 for the two study years.  
 Eddy Covariance 
Eddy covariance mean ET, 5.32 mm d
-1
, was 3% less than LYSET (LYSET during ECET 
measurements was 5.48 mm d
-1
) after closure was forced (Table 1.2). The RMSE, 1.25 mm d
-1
, 
index of agreement, d = 0.87, and coefficient of determination, r
2
 = 0.61 (Fig. 1.2), indicate that 
ECET may not compare as well with LYSET as did PMET and PTET. However, MBE, -0.16 mm d
-1
 
and %E was 4.1%, were relatively small, and the t-test showed no difference between ECET and 
LYSET. The latter statement suggests that ECET is similar to LYSET. Regression analysis of ECET 
compared to LYSET indicates that ECET overestimates LYSET on low ET days (i.e., less than ~5 
mm d
-1
) and underestimates LYSET on high ET days (Fig. 1.2). This may not necessarily be an 
indication of poor performance of the EC system. Although, the lysimeter is the best approach to 
measure actual ET, heating of the lysimeter soil core and potentially greater leaf area index of 
the lysimeter (Bremer, 2003) could result in greater water loss from the lysimeter than from the 
surrounding turf. 
Few studies have measured ET from turfgrass using EC. In Florida, on bahiagrass 
(Paspalum notatum Flugge), ECET averaged 32% less than ETo (Jia et al., 2009). Our reference 
crop ET using the FAO56-PM (PMET during ECET measurements was 4.96 mm d
-1
) was 7% less 
than EC measured ET. The climate in Florida is much more humid than our study site in Kansas, 
which likely led to greater ECET due to greater drying power of the air at our study site. 
The underestimation of ECET compared to LYSET is well documented, even after closure 
is forced. Chávez et al. (2009), studying cotton in the Texas High Plains, found ECET to 
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underestimate LYSET 0.10 to 0.12 mm h
-1
 before closure was forced using B. After forcing 
closure, ECET underestimates were only 0.05 to 0.08 mm h
-1
 and MBE was -0.03 mm h
-1
. Ding et 
al. (2010), studying maize in arid China, observed ECET to underestimate LYSET by 21.8% 
before closure and 4.8% after closure. This is similar to our finding of 5% ECET underestimation 
of LYSET after closure was forced. Castellvi and Snyder (2010) found a poor relationship 
between ECET and LYSET during stable atmospheric conditions when Rn – G was negative, e.g. 
nighttime. Nighttime ET is often relatively small compared to total daily ET. However, stomatal 
closure during nighttime should not be assumed as nighttime transpiration can be 5-15% of total 
daily ET (Caird et al., 2007; Irmak, 2011).  
Differences in ET between EC and the lysimeters were significantly correlated with wind 
speed, air temperature, and vapor pressure deficit (Table 1.3). Eddy covariance ET is an actual 
ET measurement, like LYSET. However, the response of the two techniques to these variables is 
not similar. This could be due to the problems associated with lysimeter design or an inability of 
the EC system to accurately measure ET under certain conditions, such as periods when gap-
filling models are required. 
 Atmometers 
Atmometers underestimated LYSET more than any of the other ET methods (Table 1.2). 
Mean ATET was 4.61 mm d
-1
, which was 17% less than LYSET. The RMSE, 1.47 mm d
-1
 and 
MBE, -0.97 mm d
-1
, were the highest among the measurement techniques. Regression analysis of 
ATET indicates that underestimation of ET will become greater with increasing LYSET (Fig. 1.2). 
Differences between ATET and LYSET were significantly correlated with wind speed (Table 1.3). 
Increasing underestimates in ATET with increasing wind speed may be due to the inability of the 
atmometer to wick water into the atmosphere effectively at high wind speeds. Magliulo et al. 
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(2003) found ATET to have a 1 to 1 slope and y-axis intercept not different from zero when 
regressed versus LYSET using perennial ryegrass. Qian et al. (1996), using a black Bellani plate, 
observed a good agreement between ATET and LYSET, r
2
 = 0.67 - 0.82, in tall fescue turfgrass, 
however, the slope of their regression line (slope = 0.45 to 0.57) was much less than what was 
observed in this study (slope = 0.74). 
Among the techniques used in this study, the atmometer is perhaps the easiest to use and 
the lowest cost to purchase and maintain. Even though the atmometer performance in this study 
was poorer compared to the other techniques, one should not necessarily be deterred from its use. 
The overall error from the atmometer is relatively small compared to LYSET (%E = -0.15) and 
can provide practitioners reliable ETo for irrigation management. Atmometers can provide 
relatively accurate measurements of ET compared with PMET (Chapter 2) and have proved very 
useful for irrigation scheduling (Ervin and Koski, 1997; Knox et al., 2011). 
 Infrared Thermometry 
The transpiration calculated using the canopy stomatal conductance model, CONDT, 
underestimated LYSET 29.6%, which was more than any ET technique (Table 1.2). The MBE 
was -1.71 mm d
-1
, and %E was -29.6% (Table 1.2). Regression analysis of CONDT versus 
LYSET resulted in a slope of 0.78 and y-axis intercept of -0.41 (Fig. 1.2). The y-axis intercept 
was closer to zero than any other technique and the slope similar to the other techniques. 
The transpiration from a fully closed-canopy crop, such as turfgrass, can be 80 - 90% of 
ET (Allen et al., 1998). According to the CONDT data in this study, on average, 29% of ET was 
from evaporation and 71% of ET from transpiration (LYSET during CONDT measurements was 
5.85 mm d
-1
). Thus, soil evaporation apparently accounted for more of the ET than expected. 
This may be a result of collecting measurements over a well-watered turfgrass where plentiful 
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soil water may have attributed to a greater than expected evaporative contribution to ET. 
Nighttime transpiration is often considered about 5 to 15% of total daily ET (Caird et al., 2007; 
Irmak, 2011). Assuming 10% transpiration during nighttime, total transpiration would then be 
4.72 mm d
-1
, which is 81% of LYSET.  
Difference between CONDT and LYSET was significantly correlated with wind speed 
(Table 1.3). Increasing wind speed over the turfgrass increases evaporation of water from the 
canopy, thus increasing transpirational cooling of the canopy. The modeled stomatal 
conductance response to wind speed and CONDT estimates may be underestimated compared to 
LYSET as wind speed increases because the actual transpiration from the lysimeter may be more 
sensitive to wind speed than the canopy stomatal conductance model. 
This model relies heavily upon accurate measurement of canopy temperature and 
iteration for boundary layer conductance. This is a complex approach and much research is 
necessary to validate and improve the model. 
 Conclusion 
Evapotranspiration measurements with lysimeters were compared with ET measured with 
several other techniques in tall fescue turfgrass. Eddy covariance ET and PTET produced ET 
values closest to LYSET, based on mean ET, MBE, t-tests, and %E. The PMET and PTET models 
had the best index of agreement with LYSET. The PTET and ECET techniques underestimated 
LYSET 0.14 and 0.16 mm d
-1
, respectively. The stomatal conductance model, CONDT, and ATET 
underestimated LYSET 1.71 and 0.97 mm d
-1
, respectively. The PMET was intermediate, 
underestimating LYSET by 0.41 mm d
-1
. Further investigation of ET differences among these 
techniques is warranted under various climatic conditions that are different from this study. The 
differences in ET among techniques in this study do not attempt to diminish the importance of 
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any one technique. Each technique has its advantages and disadvantages in any given situation. 
Differences among these ET measurement techniques should be expected and practitioners and 
researchers should select the technique that best fits their situation. 
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Table 1.1. Summary of instruments used by the weather station and eddy covariance 
system. 
Instrument Model Manufacturer Height 
   -- m -- 
Weather Station  
Temperature and 
Relative Humidity 
HMP50 Vaisala, Inc., Helsinki, Finland 2.0 
2-D Sonic Anemometer Windsonic1 Gill Instruments Ltd., Hampshire, 
England 
2.0 
Net Radiometer NR-Lite Kipp & Zonen, Inc., The Netherlands 1.5 
Eddy Covariance System 
 
Net Radiometer CNR-1 Kipp & Zonen, Inc., The Netherlands 1.5 
Temperature and 
Relative Humidity 
HMP45C Vaisala, Inc., Helsinki, Finland 1.5 
3-D Sonic Anemometer CSAT3 Campbell Scientific, Inc., Logan, UT, 
USA 
1.5 
Infrared Gas Analyzer LI-7500 Li-Cor, Inc., Lincoln, NE, USA 1.5 
Soil Heat Flux (2) HFP01 Huskeflux Thermal Sensors B.V., The 
Netherlands 
-0.07 
Soil Water Content (2) 10HS Decagon Devices, Inc., Pullman, WA, 
USA 
-0.035 
Soil Temperature (2) TCAV Campbell Scientific, Inc., Logan, UT, 
USA 
-0.02,  
-0.05 
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Table 1.2. Evapotranspiration measurement technique means and statistical analysis as 
compared to lysimeter measured evapotranspiration. 
Measurement 
Technique n Mean ET RMSE
†
 MBE
‡
 %E
§
 d
¶
 p
††
 
  -------------- mm d
-1
 --------------    
Lysimeter
‡‡
 78 5.58      
FAO56-PM 78 5.17 1.00 -0.40 -4.4 0.93 *** 
Priestley-Taylor 78 5.44 1.08 -0.13 1.9 0.92 NS 
Eddy Covariance 70 5.32 1.32 -0.16 4.1 0.87 NS 
Atmometer 78 4.61 1.47 -0.97 -15.0 0.87 *** 
Conductance Model 42 4.14 1.89 -1.71 -29.6 0.72 *** 
†
RMSE is the root mean square error calculated as:    
n
1i
2
ETx ii
LYSET
n
1
RMSE . 
‡
MBE is the mean bias error calculated as:    
n
1i ETx ii
LYSET
n
1
MBE . 
§
%E is the mean percent error calculated as:  






 
 100
LYS
LYSET
%E
i
ii
ET
ETx
. 
¶
d is the index of agreement calculated, 
 
  
















n
1i
2
ETETETx
n
1i
2
ETx
LYSLYSLYSET
LYSET
1d
ii
ii
. 
††
Probability that ETx and Lysimeter ET are significantly different from each other based on 
paired t-test at P < 0.05. 
‡‡
Mean lysimeter ET was 5.48 and 5.85 mm d
-1
 during eddy covariance and conductance model 
measurement periods, respectively. 
*** indicates significant difference at P < 0.001. 
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Table 1.3. Pearson correlation coefficients for average daytime (Rn > 0) net radiation, 
vapor pressure deficit, air temperature, and wind speed comparisons to ET difference (ET 
technique – Lysimeter ET). 
 
Atmometer FAO56-PM 
Priestley-
Taylor 
Eddy 
Covariance 
Conductance 
Model 
Net Radiation -0.20 -0.02 0.05 -0.10 -0.26 
Vapor Pressure Deficit 0.07 0.02 -0.25* -0.48*** -0.23 
Air Temperature 0.05 -0.00 -0.11 -0.31** -0.10 
Wind Speed -0.34** -0.04 -0.53*** -0.53*** -0.38* 
*, **, and *** indicate significance at P < 0.05, 0.01, and 0.001, respectively. 
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Figure 1.1. Depiction of lysimeter vegetation overlap (a) and dimensions of lysimeter 
including lysimeter wall and lysimeter wall to soil gap (b). 
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Figure 1.2. Comparison of evapotranspiration techniques to lysimeter 
measured evapotranspiration. Bolded line represents the linear 
regression. 
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Chapter 2 - Evaluation of Atmometers within Urban Home Lawn 
Microclimates 
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 Abstract 
An atmometer is an inexpensive tool used to measure evapotranspiration (ET) in situ. The 
effects of microclimates, such as those typically associated with an urban lawn, on the 
performance of atmometers are not well documented. The objective of this study was to compare 
ET estimates from atmometers with ET estimates from the FAO-56 Penman-Monteith equation 
(PMET, FAO56-PM), including within a number of lawn microclimates. The study was 
conducted in six home lawns in 2010 and one in 2011 in Manhattan, KS, and four home lawns in 
Wichita, KS in 2011. A weather station and atmometer were positioned in an open sward of 
turfgrass near each city during each measurement period in Manhattan and Wichita, KS. A 
commercially available Bellani plate atmometer (ETgage®), using the #30 green canvas cover for 
grass reference ET (ATET), was placed next to a portable weather station in two contrasting 
microclimates within each lawn. Weather stations recorded temperature, net radiation, relative 
humidity, and wind speed data used to calculate PMET. Open sward ATET (4.73 mm d
-1
) 
averaged 14% less than PMET (5.48 mm d
-1
). However, within the microclimates, ATET (3.94mm 
d
-1
) averaged 22% greater than PMET (3.23 mm d
-1
). The differences in ET estimates between 
measurement techniques varied with wind speed, net radiation, and vapor pressure deficit. The 
best relationships between ATET and PMET, at the open sward and within microclimates, were 
observed when wind speed was greater than 1 m s
-1
, vapor pressure deficit was greater than 2 
kPa, and net radiation was greater than 5 MJ m
-2
 d
-1
. Overall, atmometers can provide reliable 
estimates of PMET and should provide practitioners a means to manage irrigation within 
microclimates. 
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 Introduction 
Turfgrasses in the United States are estimated to cover 16 to 20 million hectares, an area 
three times larger than any irrigated crop (Morris, 2003; Milesi et al., 2005). The total turfgrass 
area in the United States is likely to increase greatly as urbanization continues to expand (Alig et 
al., 2004). Irrigation of turfgrasses in urban areas is a common practice creating an increasing 
demand for water in expanding urban areas. However, many homeowners do not understand how 
to manage the irrigation for their lawn (Bremer et al., 2012; Bremer et al., 2013). A better 
understanding of turfgrass irrigation requirements (i.e. ET) would help homeowners manage 
their irrigation more efficiently, reducing the demand for water. 
Turfgrass irrigation requirements are often determined by ET estimates. Typically, ET 
estimates are obtained from either on-site or off-site weather stations that collect weather data to 
calculate ET using an empirical model. However, a weather station can be expensive to set up 
and maintain. Siting of the weather station can also create a bias resulting in inaccurate ET 
estimation (Ley et al., 1996). This is problematic for practitioners who utilize ET-based irrigation 
scheduling. 
In addition to weather-monitoring equipment, the presence of microclimates within a 
home lawn or golf course can result in variability in ET across microclimates (Jiang et al., 1988). 
This is caused by alterations of environmental conditions within each microclimate, such as solar 
radiation, wind speed, humidity, and air temperature (Rosenberg et al., 1983; Jiang et al., 1988; 
Skaggs and Irmak, 2012). Feldhake et al. (1983) used lysimeters to determine factors influencing 
ET in urban microclimates. Using lysimeters in full sun and varying degrees of shade, they found 
that ET increased linearly with solar radiation. Accurate estimation of on-site ET, including 
microclimates, may lead to improved irrigation efficiency, reduced demand for water resources, 
and fewer potential environmental impacts of water applied to a site.  
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An atmometer is a simple tool that can provide practitioners with accurate on-site ET 
data. The porous Bellani plate atmometer described by Livingston (1915) was modified by 
Altenhofen (1985) to cover the ceramic Bellani plate with a green canvas having an albedo 
similar to alfalfa and resistance to water diffusion similar to stomata. Prior to this modification, 
the ceramic Bellani plates were colored either black or white. 
Several studies have investigated the performance of modified atmometers across 
environmental conditions and for irrigation scheduling. Broner and Law (1991) compared the 
modified atmometer to a Penman combination evapotranspiration equation (Jensen, 1983) and 
found that atmometer ET was only 3.9% greater than model predicted ET. However, over the 
past twenty years, the Penman-Monteith (Monteith, 1965) evapotranspiration equation has 
become a standard empirical model for estimating reference evapotranspiration. When 
comparing atmometer ET values to the Penman-Monteith equation, evidence suggests that 
corrections are necessary in humid, rainy (Irmak et al., 2005; Chen and Robinson, 2009) and 
semi-arid (Alam and Trooien, 2001) climates. In contrast to requiring corrections, good 
agreement has been reported between the atmometer and Penman-Monteith ETo in semi-arid 
environments (Magliulo et al., 2003; Gavilan and Castillo-Llanque, 2009). Magliulo et al. (2003) 
also found good agreement between atmometer ET and a class A pan and lysimeters. However, 
daily ET values averaged over multiple days (i.e. 3 to 7 days) can increase the accuracy of ATET 
estimates (Irmak et al., 2005) and can improve irrigation efficiency (Knox et al., 2011). 
 Objective 
Few studies have investigated the performance of atmometers in turfgrass settings. Qian 
et al. (1996), using a black Bellani plate, found their atmometer to provide better ET estimation 
than a class A pan and the Penman-Monteith model, when compared to lysimeter ET. Ervin and 
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Koski (1997) concluded that an atmometer, similar to the model used in this study, could be used 
for irrigation scheduling on cool-season turfgrass in semi-arid climates. The objective of this 
study was to compare ET estimates from atmometers with ET estimates from the FAO-56 
Penman-Monteith (Allen et al., 1998) equation, including within a number of lawn 
microclimates. 
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 Materials and Methods 
This investigation was initiated in June 2010 at Manhattan, KS and was continued in 
2011 at sites in Manhattan, KS and Wichita, KS (Table 2.1). Contrasting microclimates within 
each home lawn were selected for study. Based on visual observations of the home lawn, 
contrasting microclimates were selected by presence of trees or structures that may obstruct 
airflow, wind, or solar radiation. 
A portable weather station and atmometer (ETgage Model E, ETgage Company, 
Loveland, CO) were positioned in two contrasting microclimates at each home site. An 
additional weather station and atmometer were placed in an open sward of turfgrass in each city. 
The atmometer was placed within 0.5 m of the corresponding portable weather station within 
each microclimate. Atmometers were installed according to manufacturer instructions so that the 
top of the ceramic Bellani plate on the atmometer was 1 m above the ground. Grass reference 
evapotranspiration was obtained by covering the Bellani plate with the manufacturer supplied 
number 30 green canvas cover. Evaporation data from the atmometer were summed and recorded 
at 30-minute intervals by a datalogger (CR1000, Campbell Scientific Inc., Logan, UT) that was 
attached to the corresponding portable weather station. 
Portable weather stations recorded meteorological variables necessary to calculate grass 
reference ET. Air temperature and relative humidity were obtained using a platinum resistance 
thermometer and capacitive chip, respectively, (HMP50, Vaisala, Inc., Helsinki, Finland). Wind 
speed and direction were obtained with a two-dimensional sonic anemometer (WindSonic1, Gill 
Instruments Ltd., Hampshire, England). Net radiation, was measured using a net radiometer 
(NR-Lite, Kipp & Zonen, Inc., The Netherlands). All meteorological data were measured at 1 Hz 
and stored at 30-minute intervals, using the same datalogger described above for the atmometer. 
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Data collected from the portable weather stations were used to calculate grass reference 
evapotranspiration using the FAO56-PM empirical model (Allen et al., 1998), described as: 
 
   
 2d
as2
n
n
ET
uC1γΔ
eeu
273T
C
γGR0.408Δ
PM




  [1] 
where PMET is grass reference ET (mm 30 min
-1), Δ is the slope of the saturation vapor pressure 
curve (kPa °C
-1
), Rn is net radiation (MJ m
-2
 30 min
-1
), G is soil heat flux density (MJ m
-2
 30 
min
-1), γ is the psychrometric constant (kPa °C-1), T is the mean 30-minute air temperature at 2 m 
(°C), es is the saturation vapor pressure at air temperature T (kPa), ea is the actual vapor pressure 
at 2 m (kPa), u is the wind speed (m s
-1
) at 2 m, Cn is the numerator constant for the 30-minute 
time step, and Cd is the denominator constant for aerodynamic and surface resistances. All 
calculations were conducted according to Allen et al. (1998). Thirty-minute evapotranspiration 
values from the FAO56-PM model (PMET) and atmometer (ATET) were summed for 24 h 
periods. 
 Statistical Analysis 
Data were analyzed using several statistical procedures. The PMET values were used as 
the reference for comparison to ATET. Regression analysis (ATET = mPMET + b) was conducted 
using the REG procedure of SAS (SAS Institute, Inc., Cary, NC) at P < 0.05, where "m" is the 
slope and "b" the dependent variable (ATET) intercept. Linear association between PMET and 
ATET was determined using the coefficient of determination (r
2
). Paired t-tests were conducted to 
determine differences between ATET and PMET using the TTEST procedure (SAS Institute, Inc., 
Cary, NC) at P < 0.05. The null hypothesis for the t-test was that the difference between ATET 
and PMET values was zero. 
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Measures of difference between ATET and PMET were calculated. Root mean square error 
(RMSE), mean bias error (MBE), and mean percent error (%E) between ATET and PMET were 
calculated as: 
    
n
1i
2
ETET ii
PMAT
n
1
RMSE , [2] 
    
n
1i ETET ii
PMAT
n
1
MBE , and [3] 
  






 
 100
PM
PMAT
%E
i
ii
ET
ETET
,  [4] 
where 
i
ETAT  is atmometer ET, 
i
ETPM  is FAO56-PM ET, n is the number of observations, and i 
is the i
th
 observation. 
An index of agreement (d) was used as a measure of association to overcome problems 
associated with RMSE and r
2
, such as the presence of any outlying data, (Willmott, 1981; 
Legates and McCabe, 1999). Like the coefficient of determination, the index of agreement 
produces a value between 0 and 1, with values closer to 1 indicating better agreement between 
the atmometer and FAO56-PM model. The index of agreement was calculated as: 
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where the overbar indicates overall mean ET, and all other variables have been previously 
defined.  
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 Results and Discussion 
Combined microclimate and open sward ET values from the atmometer and FAO56-PM 
equation exhibited good agreement (Fig. 2.1). The coefficient of determination was high (76%) 
however, the slope of the line, 0.80, and its ATET intercept, 1.04 mm d
-1
, indicate that ATET 
performance may differ with varying PMET values (Fig. 2.1). Based on this regression analysis, 
ATET overestimates PMET when PMET is less than 5.2 mm d
-1
 and underestimated PMET when 
PMET was greater than 5.2 mm d
-1
. Jiang et al. (1998) noted that ATET was less than Penman 
modeled ET when ET was greater than 4 mm d
-1
. However, Gavilan and Castillo-Llanque (2009) 
observed more accurate ATET when PMET was greater than 5 mm d
-1
. Overall, among all 
locations, mean ATET was 6% greater than PMET (Table 2.2). However, the %E was 23%, 
indicating that large differences between ATET and PMET were sometimes observed. 
Differences between ATET and PMET varied from the open sward to within microclimates 
(Table 2.2). Open sward ATET and PMET demonstrated how these measurement techniques 
compare under an ideal setting. The open sward placement of the portable weather station and 
accompanying atmometer provided a large footprint area with little or no influence due to 
vegetation differences or structures. The open sward comparison between ATET and PMET 
produced a coefficient of determination of 88% and slope and intercept of 0.86 and 0.01 mm d
-1
, 
respectively, indicating that there was a good relationship between ATET and PMET in the open 
sward (Fig. 2.2). Root mean square error at the open sward was 1.11 mm d
-1
. This value is 
consistent with other reported values for RMSE using the FAO56-PM (Irmak et al., 2005; 
Gavilan and Castillo-Llanque, 2009; Knox et al., 2011). Similarly, Chen and Robinson (2009), 
comparing ATET to alfalfa reference evapotranspiration reported RMSEs as high as 1.9 mm d
-1
 
and as low as 0.76 mm d
-1
. Open sward mean ATET was 14% less than PMET (Table 2.2). Percent 
error, %E, was also –14% indicating that there may be less discrepancy between paired 
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observations of ATET and PMET than what was observed when open sward and microclimate data 
were combined. This would indicate that the greatest variability is within microclimates.  
The 14% underestimation of PMET by ATET at the open sward is comparable to other 
studies. Gavilan and Castillo-Llanque (2009), using the FAO56-PM equation, observed ATET to 
underestimate PMET by 9%. Irmak et al. (2005) also observed ATET to underestimate PMET, %E 
of –12 to –27.5%, comparable to %E = –14% in our study at the open sward (Table 2.2). Chen 
and Robinson (2009) observed ATET to underestimate alfalfa reference ET by 21%. 
Within the microclimates, there was a good relationship between ATET and PMET (r
2
 = 
78%, Table 2.2). The slope of the regression line for ATET versus PMET was closer to a 1 to 1 
slope than the same comparison in the open sward (Fig. 2.3). However, mean ATET was 22% 
greater than PMET within the microclimates, and %E was 42%. Greater variability among 
measurements of ATET and PMET within the microclimates may be responsible for the greater 
differences in mean ET between methods. Greater variability in ET measurements could be due 
to differences between the environmental conditions immediately surrounding the atmometer and 
each of the various sensors on the accompanying weather station. For example, differences in 
wind speed, air temperatures, solar radiation, or relative humidity at the locales of the atmometer 
evaporative surface and individual weather station sensors within each microclimate could have 
affected ET estimates differently for each method.  
Previous research on the sensitivity of the FAO56-PM equation to changes in 
environmental variables by Kwon and Choi (2011) shows sensitivity in order of vapor pressure > 
wind speed > radiation. In their study, a ±20% change in vapor pressure altered PMET by ±22 to 
32%, while the same change in wind speed (±20%) altered PMET by only ±12%. Irmak et al. 
(2006), using the ASCE Penman-Monteith equation (ASCE-EWRI, 2005) for PMET, found that 
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PMET was most sensitive to vapor pressure deficit (VPD) followed by wind speed. These 
sensitivities could contribute to greater variability between ATET and PMET within nonstandard 
sites, such as within microclimates, where environmental conditions may vary significantly.  
To evaluate the effects of the environmental variables of wind speed, VPD, and net 
radiation on differences between ATET to PMET, the environmental variables were divided 
arbitrarily into classifications. Wind speed was divided into three classes, less than 1 m s
-1
, 1-2 m 
s
-1
, and greater than 2 m s
-1
. Detailed statistics of the wind speed analysis are presented in Table 
2.3. When wind speed was 1-2 m s
-1
, ATET and PMET showed the best agreement (smallest 
RMSE, MBE, and %E) at the open sward. Within the microclimates, wind speeds < 1 m s
-1
 
resulted in poor agreement, %E = 61%, between ATET and PMET. However, agreement improved 
as wind speed increased. When wind speed was > 2 m s
-1
, the paired t-test showed no difference 
between ATET and PMET within microclimates. Regression analysis does not indicate a superb 
fit, r
2
 = 0.64, within microclimates; however, the MBE (0.17 mm d
-1
) when wind speed was > 2 
m s
-1
 is quite small compared to the other conditions (Table 2.3). Chen and Robinson (2009) 
found the ATET to alfalfa reference ET ratio to become smaller as wind speed increased, 
especially at wind speeds, > 3 m s
-1
, similar to this study. They observed their best agreements at 
low wind speeds, ≤ 1 m s-1, whereas we observed very poor agreement between ATET and PMET 
at low wind speeds. 
Vapor pressure deficit was divided into three classifications, less than 1 kPa, 1-2 kPa, and 
greater than 2 kPa. Statistical analysis results are presented in Table 2.4. Both open sward and 
microclimate ATET to PMET comparisons were affected by VPD. Mean ATET at the open sward 
was less than PMET for all three VPD classifications. Within the microclimates, however, ATET 
was greater than PMET for all three VPD classifications. Chen and Robinson (2009) found 
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greater ATET underestimations of alfalfa reference ET at VPD < 0.72 kPa than at classifications 
above 0.72 kPa. This disagrees with our findings where the MBE showed that ATET 
underestimations at the open sward increased with increasing VPD and overestimations of ATET 
to PMET increased with increasing VPD within microclimates. 
Net radiation was divided into two classifications, less than 5 MJ m
-2
 d
-1
 and greater than 
5 MJ m
-2
 d
-1
. Statistical analysis results are presented in Table 2.5. The sample size at the open 
sward was small for net radiation less than 5 MJ m
-2
 d
-1
, n=13, and regression analysis shows 
very poor agreement between ATET and PMET, r
2
 = 0.14, and a slope of 0.38. Total net radiation 
of less than 5 MJ m
-2
 d
-1
 in an open area is very low and is likely associated with rainy, cloud-
covered days. Poor performance of atmometers under rainy conditions is well documented 
(Irmak et al., 2005; Chen and Robinson, 2009). When net radiation was greater than 5 MJ m
-2
 d
-1
 
agreement was  good between ATET and PMET at the open sward (%E = –13%) and within 
microclimates (%E = 16%). However, similar to vapor pressure deficit and wind speed, MBE 
showed that ATET underestimated PMET at the open sward for both classifications. Chen and 
Robinson (2009) observed greater variance between ATET and alfalfa reference ET at solar 
radiation less than 14.2 MJ m
-2
 d
-1
. Faber (2004) and Jiang et al. (1998) observed ATET to be less 
on the backside of a hill, the shaded side not facing the sun, than ATET on the hilltop. It is likely 
that radiation was less on the backside of the hill than the side facing direct solar radiation, 
causing ATET to be less on the backside of the hill. 
 Conclusions 
Accurate measurement of ET within microclimates could result in increased overall 
irrigation efficiency to turfgrass. The performance of atmometers was evaluated against the 
FAO-56 Penman-Monteith equation within microclimates and at an open sward. The atmometer 
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underestimated PMET at the open sward but overestimated PMET within microclimates. At all 
levels of wind speed, VPD, and net radiation, ATET underestimated PMET at the open sward and 
overestimated PMET within microclimates. The best relationships between ATET and PMET, 
based on %E, were observed at wind speeds greater than 1 m s
-1
, VPD greater than 2 kPa, and 
net radiation greater than 5 MJ m
-2
 d
-1
 at the open sward and within microclimates. Based on 
these findings, atmometers can provide reliable PMET estimates, providing practitioners a means 
to manage irrigation within microclimates.  
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Table 2.1. Evapotranspiration measurement dates for microclimate study locations at 
Manhattan, KS in 2010-2011and Wichita, KS in 2011. 
Lawn Location Number of 
Microclimate 
Observation Days
†
 
1 Manhattan, KS 46 
2 Manhattan, KS 52 
3 Manhattan, KS 33 
4 Manhattan, KS 26 
5 Manhattan, KS 24 
6 Manhattan, KS 11 
7 Wichita, KS 15 
8 Wichita, KS 26 
9 Wichita, KS 24 
10 Wichita, KS 12 
†
N=269  
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Table 2.2. Mean atmometer and FAO56-PM evapotranspiration and statistical analysis of ATET to PMET comparison. 
Location n ATET PMET RMSE
†
 MBE
‡
 %E
§
 d
¶
 t-test
††
 
  ---------------- mm d
-1
 ----------------    
Open Sward 132 4.73 5.48 1.11 -0.75 -14 0.96 *** 
Microclimates 269 3.94 3.23 1.25 0.71 42 0.91 *** 
All Locations 401 4.20 3.97 1.21 0.23 23 0.93 *** 
†
RMSE is the root mean square error calculated as    
n
1i
2
ETET ii
PMAT
n
1
RMSE , in mm d-1. 
‡
MBE is the mean bias error calculated as    
n
1i ETET ii
PMAT
n
1
MBE , in mm d
-1
. 
§
%E is the mean percent error calculated as:  






 
 100
PM
PMAT
%E
i
ii
ET
ETET
. 
¶
d is the index of agreement calculated as
 
  
















n
1i
2
ETETETET
n
1i
2
ETET
PMPMPMTA
PMAT
1d
ii
ii
. 
††
Probability that ATET and PMET are significantly different from each other based on paired t-test at P < 0.05. 
*** indicates significant difference at P < 0.001. 
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Table 2.3. Analysis of atmometer and FAO56-PM evapotranspiration by wind speed classification. 
Location n ATET PMET RMSE
†
 MBE
‡
 %E
§
 d
¶
 t-test
 ††
 m
‡‡
 b
‡‡
 r
2
 
  ---------------- mm d
-1
 ----------------       
Wind Speed < 1 m s
-1
            
Open Sward
§§
 2 4.45 4.10         
Microclimates 158 2.93 2.08 1.16 0.85 61 0.85 *** 0.95 0.96 0.73 
All Locations 160 2.95 2.11 1.16 0.85 60 0.85 *** 0.94 0.97 0.73 
Wind Speed 1-2 m s
-1
            
Open Sward 32 4.02 4.26 0.51 -0.24 -6 0.99 ** 0.99 -0.20 0.88 
Microclimates 75 5.06 4.39 1.32 0.67 20 0.96 *** 0.99 0.73 0.68 
All Locations 107 4.75 4.35 1.14 0.40 12 0.96 *** 1.00 0.40 0.68 
Wind Speed > 2 m s
-1
            
Open Sward 98 4.97 5.91 1.25 -0.94 -17 0.98 *** 0.87 -0.27 0.89 
Microclimates 36 6.02 5.85 1.46 0.17 2 0.97 NS 1.10 -0.42 0.64 
All Locations 134 5.25 5.89 1.31 -0.64 -12 0.98 *** 0.92 -0.15 0.78 
†
RMSE is the root mean square error calculated as    
n
1i
2
ETET ii
PMAT
n
1
RMSE , in mm d-1. 
‡
MBE is the mean bias error calculated as    
n
1i ETET ii
PMAT
n
1
MBE , in mm d
-1
. 
§
%E is the mean percent error calculated as:  






 
 100
PM
PMAT
%E
i
ii
ET
ETET
. 
¶
d is the index of agreement calculated as
 
  
















n
1i
2
ETETETET
n
1i
2
ETET
PMPMPMTA
PMAT
1d
ii
ii
. 
††
Probability that ATET and PMET are significantly different from each other based on paired t-test at P < 0.05. 
‡‡
Regression analysis (ATET = mPMET + b) where "m" is the slope of the line and "b" the y-axis intercept. 
§§
Statistical analyses were not conducted for comparisons at the open sward as there were only two observations. 
***, **, and NS indicates significant difference at P < 0.001, P < 0.01, and not significant, respectively. 
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Table 2.4. Analysis of atmometer and FAO56-PM evapotranspiration by vapor pressure deficit (VPD) classification. 
Location n ATET PMET RMSE
†
 MBE
‡
 %E
§
 d
¶
 t-test
 ††
 m
‡‡
 b
‡‡
 r
2
 
  ---------------- mm d
-1
 ----------------       
VPD < 1 kPa            
Open Sward 44 2.52 3.08 0.94 -0.56 -18 0.91 *** 0.74 0.22 0.57 
Microclimates 75 1.93 1.63 0.69 0.31 41 0.88 *** 0.77 0.68 0.68 
All Locations 119 2.15 2.16 0.79 -0.01 19 0.88 NS 0.65 0.74 0.62 
VPD 1-2 kPa            
Open Sward 61 4.88 5.70 1.10 -0.81 -13 0.98 *** 0.49 2.12 0.42 
Microclimates 140 3.81 3.18 1.15 0.63 44 0.94 *** 0.60 1.89 0.70 
All Locations 201 4.14 3.94 1.13 0.19 27 0.94 * 0.53 2.05 0.70 
VPD > 2 kPa            
Open Sward 27 7.98 8.89 1.36 -0.92 -9 0.99 *** 0.55 3.10 0.48 
Microclimates 54 7.06 5.58 1.93 1.48 36 0.96 *** 0.72 3.06 0.57 
All Locations 81 7.36 6.68 1.76 0.68 21 0.97 *** 0.49 4.07 0.50 
†
RMSE is the root mean square error calculated as    
n
1i
2
ETET ii
PMAT
n
1
RMSE , in mm d-1. 
‡
MBE is the mean bias error calculated as    
n
1i ETET ii
PMAT
n
1
MBE , in mm d
-1
. 
§
%E is the mean percent error calculated as:  






 
 100
PM
PMAT
%E
i
ii
ET
ETET
. 
¶
d is the index of agreement calculated as
 
  
















n
1i
2
ETETETET
n
1i
2
ETET
PMPMPMTA
PMAT
1d
ii
ii
. 
††
Probability that ATET and PMET are significantly different from each other based on paired t-test at P < 0.05. 
‡‡
Regression analysis (ATET = mPMET + b) where "m" is the slope of the line and "b" the y-axis intercept. 
***,*, and NS indicates significant difference at P < 0.001, P < 0.05, and not significant, respectively. 
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Table 2.5. Analysis of atmometer and FAO56-PM evapotranspiration by net radiation. 
Location n ATET PMET RMSE
†
 MBE
‡
 %E
§
 d
¶
 t-test
 ††
 m
‡‡
 b
‡‡
 r
2
 
  ---------------- mm d
-1
 ----------------       
Rn < 5 MJ m-2 d
-1
            
Open Sward 13 1.54 2.05 1.07 -0.51 -22 0.70 NS 0.38 0.77 0.14 
Microclimates 104 2.16 1.24 1.16 0.92 81 0.63 *** 1.43 0.40 0.63 
All Locations 117 2.09 1.33 1.15 0.76 70 0.61 *** 0.93 0.85 0.35 
Rn > 5 MJ m-2 d
-1
            
Open Sward 119 5.08 5.85 1.12 -0.78 -13 0.99 *** 0.85 0.12 0.86 
Microclimates 165 5.06 4.48 1.30 0.58 16 0.97 *** 0.93 0.87 0.64 
All Locations 284 5.07 5.06 1.23 0.01 4 0.98 NS 0.79 1.09 0.65 
†
RMSE is the root mean square error calculated as    
n
1i
2
ETET ii
PMAT
n
1
RMSE , in mm d-1. 
‡
MBE is the mean bias error calculated as    
n
1i ETET ii
PMAT
n
1
MBE , in mm d
-1
. 
§
%E is the mean percent error calculated as:  






 
 100
PM
PMAT
%E
i
ii
ET
ETET
. 
¶
d is the index of agreement calculated as
 
  
















n
1i
2
ETETETET
n
1i
2
ETET
PMPMPMTA
PMAT
1d
ii
ii
. 
††
Probability that ATET and PMET are significantly different from each other based on paired t-test at P < 0.05. 
‡‡
Regression analysis (ATET = mPMET + b) where "m" is the slope of the line and "b" the y-axis intercept. 
*** and NS indicates significant difference at P < 0.001 and not significant, respectively. 
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Figure 2.1. Comparison of daily estimated evapotranspiration from the atmometer 
(ATET) to the FAO56-Penman-Monteith model (PMET) at the open sward and 
microclimate locations, combined. Bolded line shows the modeled linear regression 
equation. 
57 
 
  
Figure 2.2. Comparison of daily estimated evapotranspiration from the atmometer 
(ATET) to the FAO56-Penman-Monteith model (PMET) at the open sward location, 
only. Bolded line shows the modeled linear regression equation. 
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Figure 2.3. Comparison of daily estimated evapotranspiration from the atmometer 
(ATET) to the FAO56-Penman-Monteith model (PMET) at the microclimate 
locations, only. Bolded line shows the modeled linear regression equation. 
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Chapter 3 - Growth and Physiological Responses of Zoysia spp. 
Under Tree Shade 
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 Abstract 
'Meyer' zoysiagrass (Zoysia japonica Steudel) is commonly planted on home lawns and 
golf courses in the transition zone; however, poor shade tolerance limits its widespread use. This 
study was conducted to determine changes and differences in growth and physiology among 
selected Zoysia cultivars and progeny over a three-year period in the transition zone. The study 
was initiated in June 2010 at the Rocky Ford Turfgrass Research Center in Manhattan, KS. Soil 
type was a Chase silt loam. Zoysia genotypes were sodded in 0.37 m
2
 plots and arranged in a 
randomized complete block with five replications under silver maple (Acer saccharinum L.) 
shade. Genotypes included 'Zorro' [Z. matrella (L.) Merrill.], 'Emerald' [Z. japonica × Z. pacifica 
(Goudswaard) Hotta & Kuroki], 'Meyer', Chinese Common (Z. japonica), and experimental 
progeny Exp1 (Z. matrella × Z. japonica), Exp2 and Exp3 [(Z. japonica × Z. pacifica) × Z. 
japonica]. 'Zorro' and 'Emerald' experienced winter injury, which negatively affected their 
performance. Tiller numbers decreased 50% in 'Meyer' from June 2010 to June 2012, but 
declines in [(Z. japonica × Z. pacifica) × Z. japonica] progeny were only 4% for Exp2 and 28% 
for Exp3. The progeny, Exp2 and Exp3, maintained high percent green cover throughout the 
study. In general, by the third year of evaluation, progeny of [(Z. japonica × Z. pacifica) × Z. 
japonica] had higher quality ratings and greater tiller numbers than 'Meyer', and may one day 
provide more shade-tolerant cultivar choices for transition zone turf managers. 
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 Introduction 
Shade stress is a major problem affecting the quality of an estimated 20 to 25% of all 
turfs (Beard, 1973; Dudeck and Peacock, 1992). Shading reduces incident solar radiation and 
alters the microclimate in which the turf grows (Beard, 1997). Turfgrass grown under shade 
suffers from reduced photosynthesis (Dudeck and Peacock, 1992; Qian et al., 1998), lower 
carbohydrate reserves (Burton et al., 1959; Qian et al., 1998; Bell and Danneberger, 1999; 
Atkinson et al., 2012), and reduced tillering (Qian et al., 1998; Ervin et al., 2002; Okeyo et al., 
2011a). As a result, turfgrass grown under shade often declines in quality. Few turfgrass species 
have genotypes that are well adapted to shaded environments. Species with good to excellent 
shade tolerance are the fine fescues [Festuca spp.], rough bluegrass [Poa trivialis (L.)], St. 
Augustinegrass [Stenotaphrum secundatum (Walt.) O. Kuntze], and zoysiagrass [Zoysia spp. 
(Willdenow)] (Beard, 1973; Turgeon, 2005). 
Zoysiagrass is a sod-forming warm-season perennial turfgrass indigenous to the Pacific 
Rim (Anderson, 2000). There are eleven species in the Zoysia genus, of which three are used as a 
turfgrass: Z. japonica, Z. matrella, and Z. pacifica (Engelke and Anderson, 2003). In the United 
States, zoysiagrass is used extensively on golf courses and home lawns throughout the transition 
zone. The lower input requirements of zoysiagrass compared with other available turfgrasses 
make it a desirable choice for use as a turfgrass in this region.  
Zoysiagrasses vary in shade tolerance. In general, Z. matrella cultivars and 'Emerald' (Z. 
japonica x Z. pacifica) are considered more shade tolerant than Z. japonica cultivars (Fry and 
Huang, 2004; Sladek et al., 2009; Okeyo et al., 2011a; Wherley et al., 2011). 'Meyer' Zoysia has 
been the primary zoysiagrass used in the transition zone since its release in 1951, mainly due to 
its excellent cold hardiness (Grau and Radko, 1951). However, 'Meyer' performs poorly under 
moderate to dense shade (Riffel et al., 1995; Ervin et al., 2002; Sladek et al., 2009). This is 
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problematic on golf courses and home lawns with a considerable amount of shade. Often 'Meyer' 
is replaced with Z. matrella cultivars or 'Emerald', which suffer winter injury and can only be 
used in the southernmost part of the transition zone. 
Since 2004, researchers at Kansas State University (Manhattan, KS) and Texas A&M 
University (Texas AgriLife Research and Extension Center at Dallas, TX) have collaborated to 
develop zoysiagrass cultivars with excellent quality and freeze tolerance. In an effort to produce 
improved zoysiagrasses, researchers crossed lines of (Z. japonica × Z. pacifica) and Z. matrella 
with Z. japonica lines. Their goal was to develop cultivars with excellent density and a fine leaf 
texture like that of Z. matrella, but with freezing tolerance equal to or better than that of 'Meyer'. 
Over 600 progeny from the aforementioned crosses have been evaluated for quality and winter 
survival at the Rocky Ford Turfgrass Research Center at Manhattan, KS (Fry et al., 2008; Okeyo 
et al., 2011b). Evaluation of several of these grasses indicates that progeny from [Z. matrella × 
Z. japonica] or [(Z. japonica × Z. pacifica) × Z. japonica] exhibited superior stolon production 
under natural shade compared to 'Meyer' (Okeyo et al., 2011a) and have a freezing tolerance 
equal to that of 'Meyer' (Okeyo et al., 2011b). 
 Objective 
The long-term shade tolerance of these high performing progeny has not been evaluated. 
Identifying genotypes with improved shade tolerance compared to 'Meyer' and characteristics 
aiding survival under dense shade will help lead to improved zoysiagrasses for the transition 
zone. This study was conducted to determine changes and differences in growth and physiology 
among selected Zoysia cultivars and progeny grown under a natural shade environment over a 
three-year period in the transition zone.  
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 Materials and Methods 
This study was initiated in June 2010 at the Rocky Ford Turfgrass Research Center at 
Manhattan, KS. Soil type was a Chase silt loam (fine, montmorillonitic, mesic, Aquic, Argiudoll) 
with pH 5.7, 3.3% organic matter, 48 mg kg
-1
 P, and 295 mg kg
-1
 K determined prior to planting 
(Soil Testing Laboratory, Kansas State University, Manhattan, KS).  
Zoysiagrass was planted as plugs in flats in the greenhouse to establish sod pieces 
measuring 61 by 30.5 cm. Sod was planted in the field as 0.37 m
2
 plots on 10 June 2010. Plots 
were fertilized at planting with 5 g N m
-2
 using an 18N-20P-0K fertilizer, were maintained at a 7 
cm mowing height, and received 5 g N m
-2
 46N-0P-0K annually. Irrigation was applied to 
prevent severe drought stress. 
Seven genotypes were selected for this study: the cultivars Zorro (Z. matrella), Emerald 
(Z. japonica × Z. pacifica), Meyer (Z. japonica), and Chinese Common (Z. japonica) and the 
experimental progeny Exp1 (Z. matrella × Z. japonica), Exp2 and Exp3 [(Z. japonica × Z. 
pacifica) × Z. japonica]. The experimental progeny have been previously evaluated and are 
considered to have excellent freeze tolerance at the study site. 
Data collected during the growing season included leaf extension rate (mm d
-1
), tiller 
density (tillers m
-2
), leaf width (mm), visual quality, fall color retention, spring green-up, 
percentage green cover, and carbon dioxide flux rates. Visual turfgrass quality was rated on a 1 
to 9 scale (1 = poor, 6 = minimally acceptable, 9 = superior). Fall color retention and spring 
green-up were also visually evaluated on 15 Nov. 2010, 23 May and 31 Oct. 2011, 2 April and 4 
Nov. 2012, on a 1 to 9 scale (1 = straw brown, 6 = minimally acceptable color, and 9 = dark 
green). 
Carbon dioxide exchange rates were measured during the growing season on a turf area 
basis using a custom photosynthesis chamber (Lewis, 2010). Net ecosystem exchange (NEE, Pg 
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– Rc – Rs) and dark respiration (Rc + Rs) measurements were obtained from the sunlit and shaded 
chamber measurements, respectively, where Pg is gross canopy photosynthesis, Rc is canopy 
respiration, and Rs is soil respiration (Bremer and Ham, 2005). In this paper, as in Bremer and 
Ham (2005), positive values are used for Pg, Rc, and Rs. However, unlike Bremer and Ham 
(2005), because we recorded the sunlit measurement as a negative value, Pg was calculated by 
taking the absolute value of the sunlit minus the shaded measurement (i.e. |sunlit – shaded|). The 
sunlit measurement includes CO2 contributions from plant and soil respiration along with plant 
CO2 uptake via photosynthesis, while the shaded measurement includes CO2 contributions only 
from plant and soil respiration.  
Measurement of carbon dioxide exchange rates under natural tree shade can be 
troublesome. The presence of respiring tree roots near the soil surface and sun flecks that 
spatially alter photosynthetic rates can contribute to considerable variability in CO2 exchange 
rate measurements. Consequently, observations from the raw data indicated that outliers might 
be present. To check for the presence of outliers, CO2 exchange rate values were subjected to 
quartile analysis. The upper boundary was defined as Q3 + k(Q3-Q1) and the lower boundary as 
Q1 – k(Q3-Q1), where Q3 and Q1 are the 75 and 25% quartiles, respectively, and k is a 
multiplication coefficient affecting the conservativeness of the test that is commonly set between 
1 and 3 (Frigge et al., 1989). To ensure that only highly unusual data were removed, a value of 
k=3 was utilized for conservativeness. Outlying data were deleted from the dataset. The process 
of removing outliers resulted in the data becoming unbalanced. Therefore, means were calculated 
using the least squares means method. 
Beginning in 2011, a lighted camera box was used to evaluate percentage green cover 
(Richardson et al., 2001). The lighted camera box contained four compact fluorescent light bulbs 
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(model CF13EL/MICRO/C/865/BL2; Sylvania, Danvers, MA). Color temperature at the grass 
surface was found to be 5,200 K using a color temperature meter (model C-500, Sekonic 
Corporation, North White Plains, NY). Digital images were obtained with a Nikon D5000 
(Nikon Corporation, Tokyo, Japan) digital camera mounted on the light box. Camera shutter 
speed was 1/400 s, aperture F4.5, and focal length 26 mm. Digital images were analyzed for 
percentage green cover using the "Turf Analysis" macro (Karcher and Richardson, 2005) for 
SigmaScan Pro 5.0 (SPSS, Inc., Chicago, IL) with hue and saturation thresholds of 50-107 and 0-
100, respectively. 
An on-site weather station, positioned in full sun within 100 m of the study area, recorded 
average air temperature, 2 m above the ground, at hourly intervals and maximum and minimum 
air temperatures daily. Photosynthetically active radiation was also collected at hourly intervals 
using a quantum sensor (LI-190, LiCor, Inc., Lincoln, NE). 
Plots were arranged along the north side of a mature line of silver maple trees. 
Photosynthetically active radiation under the shade was measured hourly, for 24h periods, with 
an automated ceptometer (AccuPAR LP-80, Decagon Devices, Inc., Pullman, WA) at three 
locations within the study area on cloud-free days on 10, 13, and 19 August 2012. 
Photosynthetically active radiation was found to be reduced by 91% under the tree shade 
compared to full sun. 
 Statistical Analysis 
Experimental design was a randomized complete block with 5 replications. Zoysiagrass 
genotype (Chinese Common, 'Emerald', 'Meyer', 'Zorro', Exp1, Exp2, and Exp3) was the single 
treatment factor. Data were subjected to analysis of variance (P < 0.05) using the PROC GLM 
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procedure (SAS Institute Inc., Cary, NC). Where appropriate, means were separated using 
Fisher's protected LSD at P < 0.05.   
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 Results and Discussion 
 Turfgrass Quality 
Visual turfgrass quality was rated from June through September in each of the three study 
years, 2010-2012. Significant differences were observed among the genotypes on all rating dates 
(Table 3.1). In 2010, turfgrass quality was acceptable for all genotypes. 'Emerald', 'Zorro', and 
Exp2 exhibited the highest turfgrass quality on the last rating date, 30 September, in 2010.  
In June 2011 'Emerald' and 'Zorro' had the lowest turfgrass quality ratings. 'Emerald' and 
'Zorro' are considered southern adapted zoysiagrasses and are not winter hardy in Manhattan, 
KS. During the winter of 2010-2011, minimum air temperature was -13.4, -21.6, and -23.0°C 
during the months of December 2010, January 2011, and February 2011, respectively (Fig. 3.1). 
Though the experimental progeny had been evaluated for winter hardiness, Exp1 appeared to 
experience some winter injury. The stress of growing under the shade may not have allowed 
Exp1 to acclimate fully to cold temperatures, resulting in winter injury. During the summer of 
2011, 'Emerald' and 'Zorro' did recover somewhat but quality ratings remained lower than most 
other genotypes. Exp1 recovered sufficiently to attain minimally acceptable quality by August 
2011. Progeny Exp2 and Exp3, and 'Meyer' were the top performers in 2011 with Exp2 
consistently having the highest rating. 
The winter of 2011-2012 was particularly mild (Fig. 3.1) and no winter injury was 
observed. Progeny Exp2 and Exp3, and 'Emerald' maintained superior quality ratings throughout 
the summer of 2012. Chinese Common and 'Meyer' quality ratings continued to decline 
throughout the summer of 2012. In August 2012, turfgrass damage due the bluegrass billbug 
(Sphenophorus parvulus Gyllenhal) was observed. The damage was most notable on Exp2 and 
'Meyer', causing their quality ratings to decline from July to August whereas the quality rating 
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among the others stayed relatively the same or increased. However, by the end of the summer the 
progeny Exp2 and Exp3, and the cultivars 'Emerald' and 'Zorro', all had quality ratings greater 
than the minimally acceptable level of 6.0. 
Few studies have investigated zoysiagrass quality under tree shade (Riffell et al., 1995; 
Wherley et al., 2011). Riffell et al. (1995) found 'Meyer' to be one of the poorest performers 
while 'Emerald' performed very well. In our study 'Emerald' showed an overall increase in visual 
quality during each of the three growing seasons, whereas the visual quality of 'Meyer' usually 
decreased. The resource utilization (such as carbohydrate use or photosynthetic capacity) of 
'Emerald' may be superior to that of 'Meyer' allowing it to persist for longer periods under dense 
shade. Wherley et al. (2011) concluded that Z. matrella genotypes might be better adapted to 
heavy shade than Z. japonica types, like 'Meyer', under 89% reduced light natural tree shade. 
Both studies were conducted at Dallas, TX, a climate much different from our study site. The 
extended growing season and milder winters of the southern United States would likely result in 
differences in turf performance compared to Manhattan, KS. 
 Tiller Density 
Tiller density was evaluated from June through September in all three study years, 2010-
2012. Each month, tiller density was adjusted to represent the percentage of June 2010 tiller 
density. No differences were observed among genotypes for tiller density in 2010 (Table 3.2). 
The August 2010 tiller density change shows that no genotype declined more than 15% prior to 
the onset of autumn. 
Tiller density change decreased markedly from September 2010 to June 2011 (Table 3.2). 
As discussed previously, the winter of 2010-2011 was very cold and winter injury was observed 
on 'Emerald', 'Zorro', and Exp1. The extreme cold temperatures and the shade stress may have 
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created an interaction resulting in some of the genotypes being less acclimated to the cold 
temperatures than they would otherwise have been in full sun. Progeny Exp2 exhibited a decline 
in tiller density of 8% whereas that of all other genotypes declined 17 to 62%. However, tiller 
density increased in all genotypes, except Chinese Common, from June 2011 to August 2011. 
This shows that the zoysiagrasses in this study do have potential to recuperate during the summer 
months, even when PAR is reduced over 90%. Progeny Exp2 and 'Meyer' showed the greatest 
improvement and had tiller density of 90 and 76%, respectively, by August 2011.  
The winter of 2011-2012 was milder and the spring warmer than the previous year (Fig. 
3.1). Most genotypes exhibited their highest tiller counts of 2012 earlier in the summer than in 
2011. The extended spring due to mild winter temperatures and warm spring temperatures (Fig. 
3.1) may have allowed the zoysiagrasses to grow more rapidly in late spring and early summer. 
However, that may also have resulted in more plant tissue to maintain, and indirectly caused a 
decline in tiller density change earlier in 2012 than what was observed in 2011. 
 Leaf Extension Rate 
Leaf extension rate was measured July through September 2010, June through September 
2011, and June through August 2012. Significant differences were observed on five of the ten 
evaluation dates (Table 3.3). Overall, leaf extension rate reached its maximum during early to 
midsummer each year. Chinese Common consistently had the greatest leaf extension rate and 
exhibited the greatest decline in quality and tiller density throughout the season each year 
indicating that it may have used large amounts of its stored carbohydrates for leaf extension, 
resulting in decline of the turfgrass stand. The experimental progeny Exp2 and Exp3 maintained 
high leaf extension rates but also showed less quality and tiller density decline over the duration 
of the experiment than Chinese Common and Exp1. This indicates that Exp2 and Exp3 may use 
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less energy for leaf extension or cell maintenance respiration resulting in better turfgrass quality 
and density. 
Often under shade, an increased leaf length is observed (Qian et al., 1997; Qian et al., 
1998; Wherley et al., 2011). In a shaded environment, energy stores are already decreased 
(Burton et al., 1959; Qian et al., 1998; Bell and Danneberger, 1999) therefore extra energy used 
for excessive leaf extension may prove detrimental to the turfgrass stand. Wherley et al. (2011) 
observed that the zoysiagrass cultivars that performed best under shade had the shortest leaf 
extension. This is in contrast to our study where Exp2 and Exp3 often had high leaf extension 
rates but were top performers. Leaf extension rate may also reflect the energy efficiency of the 
turfgrass and its ability to utilize stored energy for plant growth. Turfs that consistently use 
energy more efficiently for leaf extension purposes may persist under dense shade while those 
using energy less efficiently may exhibit turfgrass quality decline. 
 Leaf Width 
Leaf width was measured July through September 2010, June through September 2011, 
and June through August 2012. Significant differences were observed on all measurement dates 
(Table 3.4). 'Zorro' and 'Emerald' consistently had the narrowest leaf blades while Chinese 
Common and 'Meyer' had the widest. For unknown reasons, leaf width increased 0.3 to 1.4 mm 
from September 2010 to June 2011. However, this was not observed from September 2011 to 
June 2012. 
Leaf width is the defining characteristic of turfgrass texture. In general, Z. japonica 
genotypes have a coarser texture than the more desired finer texture of Z. matrella and Z. 
pacifica genotypes. Data from this study resulted in a similar conclusion as Chinese Common 
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and 'Meyer' consistently had the greatest leaf width. The experimental progeny were often 
intermediate to the coarser Z. japonica types and finer 'Zorro' and 'Emerald'. 
Leaf width has been reported to decrease in turfgrass grown under shade (Wilkinson and 
Beard, 1974; Winstead and Ward, 1974). This may be due to cell elongation preventing the 
widening of the leaf blade. In this study, the overall mean leaf width for each month did decline 
somewhat during each growing season. However, a decline was not observed for each genotype. 
Peacock and Dudeck (1993) and Winstead and Ward (1974) also reported a decline in leaf blade 
width. on St. Augustinegrass exposed to different light intensities. Tree shade filters most of the 
red portion of the spectrum out of the light penetrating the canopy (Bell et al., 2000) causing a 
smaller red to far-red light ratio than in full sun. This altered red to far-red light ratio could result 
in plant morphological changes such as decreased leaf width and increased leaf elongation. 
 Percentage Green Cover 
Percentage green cover was evaluated monthly from June through September in 2011 and 
2012, with additional measurements taken in May and October 2011, and April and November 
2012. Significant differences among genotypes were observed on all dates (Table 3.5). 
Percentage green cover was greatest during late summer in 2011 and early summer in 2012. The 
difference may be due to the warmer spring temperatures in 2012 than in 2011. The earlier peak 
in green cover in 2012, which may have been due to warmer spring temperatures than in 2011, 
may have posed an energy problem for the turfgrass stand. More green tissue earlier in the 
season may result in greater stand loss because the turfgrass cannot maintain such quantities of 
phytomass in shade for a more extended time, as was seen in 2012 as opposed to 2011. 
Chinese Common, 'Meyer', and Exp2 had the greatest green cover in May 2011, and 
'Meyer' and Exp2 the greatest cover in April 2012. However, the southern adapted genotype 
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'Zorro' had the greatest green cover in October 2011, and 'Emerald' and 'Zorro' the greatest cover 
in November 2012. The superior adaptation to shade is seen with 'Emerald' and 'Zorro' as they 
performed very well when winter injury was not observed. However, progeny Exp2 and Exp3 
both exhibited high percent coverage through much of the study indicating that they possess 
excellent shade tolerance characteristics. 
Trappe et al. (2011) measured the green coverage of several zoysiagrass cultivars under 
49% artificial shade in the field at Fayetteville, AR. They found green coverage of 'Meyer', 
'Zorro', and 'Diamond' to be greater than 90% after 2 years of shading. In our study, only Exp2 
exceeded 90% green coverage during the two years of green coverage evaluation. Greater 
shading intensity in our study may be responsible for the differences. Because tree leaves filter 
the photosynthetically important red and blue wavelengths before it reaches the turf, lower light 
quality may also have contributed to less green coverage in our study. 'Meyer', which is typically 
considered shade intolerant, may not have been affected by the 49% shading and green coverage 
may not decline unless shading intensity is increased. Trappe et al. (2011) also maintained their 
plots at a much lower cutting height (1.3 cm) than in our study (7 cm).  
 Fall Color 
Fall color was rated on 15 November 2010, 31 October 2011, and 4 November 2012. 
Significant differences were observed for each rating date (Table 3.6). 'Emerald' and 'Zorro' had 
the highest color rating on each date. Both of these cultivars are southern adapted zoysiagrasses 
and are not considered winter hardy at the study site. Dunn et al. (1993), in central Missouri, 
observed increased winter injury on a southern adapted zoysiagrass genotypes when fall green 
color was enhanced by late fall fertilization. The cold tolerant 'Meyer' did not show any winter 
injury in their study. The extended green color of these two grasses may make them more 
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vulnerable to winter injury. Extended fall color is a desirable characteristic as extended green 
color along with winter hardiness is preferred. 
 Spring Color 
Spring color was rated on 23 May 2011 and 2 April 2012. Significant differences were 
observed among genotypes in both years. Chinese Common, 'Meyer', and Exp2 all exhibited the 
highest spring color rating in both years (Table 3.7). The rapid green-up of Exp2 may aid its 
tolerance to shade. Rapid green-up may result in the turf being vulnerable to injury from late 
spring freezes. However, early green-up may not be problematic for cold tolerant genotypes. 
Greening-up earlier than the other genotypes may allow the turf to utilize greater irradiance as 
the tree canopy may not be fully enclosed. 
 Carbon Dioxide Exchange Rate 
Carbon dioxide exchange rate measurements were made on one day in mid-season of 
each year on 22, 14, and 27 July in 2010, 2011, and 2012, respectively. For unknown reasons, no 
significant differences were detected for NEE, dark respiration, or gross photosynthesis on any 
of the dates. Nevertheless, differences in CO2 exchange rates among genotypes in this study may 
be biologically relevant and could indicate physiological differences among the genotypes in this 
study in relation to their shade tolerance. 
The establishment year, 2010, provided the best opportunity to assess the performance of 
these turfgrasses, based on carbon dioxide exchange rate, because density or quality had not yet 
substantially declined, as they did in later years. Presumably, greater Pg during the establishment 
year may help indicate which genotypes will perform better long-term. During the establishment 
year, Pg was much lower for 'Meyer' and Exp1 than the other genotypes (Table 3.8). Both 
'Meyer' and Exp1 had significantly lower mid-season (July) turfgrass quality ratings (Table 3.1) 
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and tiller density (Table 3.2) in 2012. By the final year of the study, 2012, differences in Pg were 
small among the genotypes. However, notable differences were present for net ecosystem 
exchange and dark respiration over the three-years. The greatest NEE and dark respiration (e.g. 
July 2012, Table 3.8) was frequently observed on the genotypes with the greatest tiller density 
percentage (Table 3.2), such as 'Emerald', Exp2, and Exp3. Those genotypes with the greatest 
phytomass should be expected to have a greater dark respiration than those with less phytomass. 
Qian et al. (1998) made a similar observation on 'Diamond' zoysiagrass treated with trinexapac-
ethyl. They observed greater dark respiration on trinexapac-ethyl plots than untreated plots in a 
greenhouse after 34 weeks under 88% shade. They attributed this response to increased living 
tissue (i.e. greater tiller density and phytomass) in the trinexapac-ethyl treated plots than in the 
untreated control. 
The survival of these zoysiagrasses under heavy shade relies partially upon the use of 
sunflecks through the tree canopy to provide sufficient energy for plant growth and maintenance. 
Ögren and Sundin (1996) found differences in sunfleck use efficiency among several species. 
They found that this difference might be related to the ratio of electron transport capacity to 
carboxylation capacity or their rate of photosynthetic induction. It is possible there may be a 
similar response from the zoysiagrasses used in this study. Further research is needed to 
investigate this possibility. 
 Conclusions. 
Zoysiagrass use throughout the transition zone has been limited by adaptation to cold 
temperatures and shade tolerance. The response to tree shade of four zoysiagrass cultivars and 
three experimental progeny over a three-year period were evaluated. The cold tolerant genotypes, 
'Meyer' and Chinese Common, both exhibited declining turfgrass quality and density during the 
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course of the study. The shade tolerant southern adapted cultivars,' Emerald' and 'Zorro', both 
performed well but exhibited much injury after a cold winter, such as 2010-2011. The 
experimental progeny Exp1 exhibited winter injury to a lesser degree but was unable to recover 
as well as the southern adapted types. Two of the [(Z. japonica × Z. pacifica) × Z. japonica] 
progeny, Exp2 and Exp3, both exhibited excellent tolerance to shade. Progeny Exp3 was a 
steady performer, and exhibited no decline in turfgrass quality over the three-year study. Progeny 
Exp2 was the top performer of this study. Its turfgrass quality ratings demonstrated little change 
over this three-year study and tiller density remained high in the final year of the study, prior to 
the billbug damage. Overall, turfgrass quality and tiller density did decline over time with 
variability exhibited among the genotypes studied. The [(Z. japonica × Z. pacifica) × Z. 
japonica] experimental progeny in this study may have improved shade tolerance over the other 
Zoysia cultivars evaluated.  
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Table 3.1. Mean turfgrass quality ratings of zoysiagrass genotypes for 2010, 2011, and 2012. 
 2010 2011 2012 
Genotype† June July Aug Sept June July Aug Sept June July Aug Sept 
 --------------------------------------------------- Quality Rating (1-9)
 ‡
 --------------------------------------------------- 
Chinese Common 7.0 d
§
 6.8 c 6.8 d 6.6 b 6.6 b 6.0 bcd 6.6 bc 5.8 cd 4.0 d 3.4 d 4.0 c 3.2 c 
Emerald 8.4 ab 7.2 bc 7.6 abc 8.0 a 4.0 cd 5.2 de 6.4 bc 5.8 cd 7.2 abc 7.4 ab 8.0 a 7.0 a 
Meyer 7.8 bc 7.4 ab 7.8 ab 7.2 b 7.0 ab 6.6 abc 7.0 abc 6.8 abc 6.4 bc 5.6 c 5.4 bc 4.4 bc 
Zorro 8.8 a 7.8 ab 8.0 a 8.0 a 3.4 d 4.6 e 5.8 c 5.6 d 6.2 bc 6.4 bc 7.4 a 7.2 a 
Exp1 8.2 abc 7.2 bc 7.2 cd 6.8 b 4.8 c 5.6 cde 6.0 c 6.2 bcd 5.8 c 5.6 c 6.6 ab 5.8 ab 
Exp2 8.6 a 8.0 a 8.0 a 8.2 a 8.2 a 7.8 a 8.2 a 7.8 a 8.2 a 8.0 a 7.4 a 6.4 a 
Exp3 7.6 cd 6.8 c 7.4 bc 7.2 b 6.2 b 7.0 ab 7.6 ab 7.0 ab 7.6 ab 7.4 ab 7.6 a 7.2 a 
Overall Mean 8.1 7.3 7.5 7.4 5.7 6.1 6.8 6.4 6.5 6.3 6.6 5.9 
†Meyer and Chinese Common (Z. japonica), Zorro (Z. matrella), Emerald (Z. japonica × Z. pacifica), Exp1 (Z. matrella × Z. 
japonica), Exp2 and Exp3 [(Z. japonica × Z. pacifica) × Z. japonica] 
‡
Visual zoysiagrass quality was rated on a 1-9 scale (1 = poor, 6 = minimally acceptable, 9 = superior). 
§Genotype means in the same column followed by a different letter are significantly different based on Fisher's least significant 
difference at P < 0.05. Means represent ratings from five replications on one rating date during the month. 
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Table 3.2. Tiller density percentage of June 2010 for zoysiagrass genotypes in 2010, 2011, and 2012. 
 2010 2011 2012 
Genotype† July Aug Sept June July Aug Sept June July Aug Sept 
 ----------------------------------- Tiller Density Percentage of June 2010 (%)‡ ---------------------------------- 
Chinese Common 87
NS
 86
NS
 80
NS
 63 a
§
 44 b 56 bc 39
NS
 40 c 43 d 27 c 19 c 
Emerald 89 96 80 18 c 35 b 58 bc 40 72 ab 78 a 64 ab 45 ab 
Meyer 109 109 78 45 b 48 ab 76 ab 46 53 bc 44 cd 44 bc 32 abc 
Zorro 78 94 78 21 c 31 b 40 c 40 41 c 51 bcd 66 ab 47 a 
Exp1 92 88 71 28 c 36 b 43 c 27 46 bc 40 d 46 bc 30 bc 
Exp2 109 105 78 70 a 69 a 90 a 65 99 a 68 abc 58 ab 34 abc 
Exp3 90 85 76 47 b 45 b 61 bc 49 73 ab 75 ab 70 a 44 ab 
Overall Mean 93 95 77 42 44 60 43 61 57 54 36 
†Meyer and Chinese Common (Z. japonica), Zorro (Z. matrella), Emerald (Z. japonica × Z. pacifica), Exp1 (Z. matrella × Z. 
japonica), Exp2 and Exp3 [(Z. japonica × Z. pacifica) × Z. japonica] 
‡Tiller density was adjusted to represent the percentage of June 2010 as: 100
CountTiller  2010 June
CountTiller Monthly 
(%)Density Tiller   
§Genotype means in the same column followed by a different letter are significantly different based on Fisher's least significant 
difference at P < 0.05. Means represent ratings from five replications on one rating date during the month. 
NS
 Indicates that means were not statistically different. 
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Table 3.3. Leaf extension rates for zoysiagrass genotypes in 2010, 2011, and 2012. 
 2010 2011 2012 
Genotype† July Aug Sept June July Aug Sept June July Aug 
 ------------------------------------------ Leaf extension rate (mm d
-1
)
§
 ------------------------------------------ 
Chinese Common 11.5 a
‡
 6.5 a 1.8
NS
 7.4 a 5.0 a 2.3
NS
 2.9 a 8.1
NS
 6.0
NS
 2.7
NS
 
Emerald 2.5 d 1.5 c 0.5 2.0 c 1.5 b 1.2 1.1 b 3.7 4.5 2.0 
Meyer 9.2 b 4.3 abc 1.4 2.8 bc 3.0 ab 1.7 0.9 b 4.7 3.8 2.6 
Zorro 6.3 c 3.3 bc 2.0 3.0 bc 1.3 b 2.2 1.4 ab 5.3 5.8 2.0 
Exp1 8.7 b 3.8 abc 0.9 5.2 ab 5.3 a 3.5 1.7 ab 6.6 7.0 2.6 
Exp2 7.3 bc 5.8 ab 1.8 4.2 bc 5.3 a 2.0 2.7 a 7.3 6.0 2.8 
Exp3 6.5 c 4.0 abc 0.9 5.2 ab 4.3 a 3.0 2.7 a 6.9 5.8 2.6 
Overall Mean 7.4 4.1 1.3 4.3 3.7 2.3 1.9 6.1 5.5 2.4 
†Meyer and Chinese Common (Z. japonica), Zorro (Z. matrella), Emerald (Z. japonica × Z. pacifica), Exp1 (Z. matrella × Z. 
japonica), Exp2 and Exp3 [(Z. japonica × Z. pacifica) × Z. japonica] 
‡Leaf extension rate was determined by measuring leaf length immediately after mowing and 5-7 days later. 
§Genotype means in the same column followed by a different letter are significantly different based on Fisher's least significant 
difference at P < 0.05. Means represent ratings from five replications on one rating date during the month. 
NS
 Indicates that means were not statistically different.  
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Table 3.4. Leaf width for zoysiagrass genotypes in 2010, 2011, and 2012. 
 2010 2011 2012 
Genotype† July Aug Sept June July Aug Sept June July Aug 
 --------------------------------------------------- Leaf Width (mm)
‡
 --------------------------------------------------- 
Chinese Common 3.3 a
§
 3.5 a 3.0 a 4.4 a 4.2 a 3.8 a 4.0 a 3.6 a 3.6 a 3.2 a 
Emerald 1.8 de 1.8 c 1.7 c 2.0 d 1.8 d 1.9 cd 1.9 e 2.1 cd 2.1 cd 1.9 cd 
Meyer 2.6 b 2.4 b 2.5 b 3.2 b 3.0 b 3.0 b 2.9 b 3.3 a 3.1 b 2.8 ab 
Zorro 1.7 e 1.7 c 1.6 c 2.0 d 1.9 d 1.7 d 1.8 e 1.9 d 1.7 e 1.7 d 
Exp1 2.2 bcd 2.2 bc 2.4 b 3.0 bc 2.5 c 2.2 cd 2.6 bc 2.5 bc 2.4 cd 2.5 b 
Exp2 2.3 bc 2.0 bc 2.2 b 2.7 c 2.5 c 2.0 cd 2.2 de 2.5 bc 2.4 cd 2.3 bc 
Exp3 2.2 cd 2.2 bc 2.2 b 2.8 bc 2.6 c 2.4 c 2.5 cd 2.6 b 2.4 cd 2.4 b 
Overall Mean 2.3 2.3 2.2 2.8 2.7 2.4 2.5 2.6 2.5 2.4 
†Meyer and Chinese Common (Z. japonica), Zorro (Z. matrella), Emerald (Z. japonica × Z. pacifica), Exp1 (Z. matrella × Z. 
japonica), Exp2 and Exp3 [(Z. japonica × Z. pacifica) × Z. japonica] 
‡Leaf width was determined by measuring the width of fully developed leaves at its midpoint. 
§Genotype means in the same column followed by a different letter are significantly different based on Fisher's least significant 
difference at P < 0.05. Means represent ratings from five replications on one rating date during the month.  
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Table 3.5. Percentage green cover for zoysiagrass genotypes in 2011 and 2012. 
 2011 2012 
Genotype† May June July Aug Sept Oct April June July Aug Sept Nov 
 --------------------------------------------------- Green Cover (%)
‡
 --------------------------------------------------- 
Chinese Common 53 a
§
 69 b 64 bcd 61 c 36 d 4 d 20 bcd 50 b 42 c 47 c 46 b 7 c 
Emerald 7 d 37 c 50 de 57 c 49 bc 20 b 16 cd 87 a 83 a 81 a 71 a 32 a 
Meyer 47 a 69 b 72 bc 76 ab 45 cd 6 d 27 ab 75 a 64 b 60 b 47 b 5 c 
Zorro 4 d 35 c 48 e 64 bc 59 ab 30 a 12 d 85 a 82 a 82 a 77 a 37 a 
Exp1 18 c 47 c 57 cde 63 bc 46 cd 15 bc 15 cd 78 a 68 ab 65 b 58 b 14 b 
Exp2 52 a 87 a 89 a 85 a 71 a 14 bc 33 a 93 a 81 a 66 b 53 b 9 bc 
Exp3 36 b 66 b 74 ab 78 ab 54 bc 9 cd 23 bc 86 a 81 a 72 ab 56 b 6 c 
Overall Mean 31 58 65 69 51 14 21 79 72 68 58 16 
†Meyer and Chinese Common (Z. japonica), Zorro (Z. matrella), Emerald (Z. japonica × Z. pacifica), Exp1 (Z. matrella × Z. 
japonica), Exp2 and Exp3 [(Z. japonica × Z. pacifica) × Z. japonica] 
‡Percent green cover was obtained from digital image analysis (Richardson et al., 2001). 
§Genotype means in the same column followed by a different letter are significantly different based on Fisher's least significant 
difference at P < 0.05. Means represent ratings from five replications on one rating date during the month.  
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Table 3.6. Fall color for zoysiagrass genotypes in 2011, and 2012. 
Genotype† 15 Nov. 2010 31 Oct. 2011 4 Nov. 2012 
 ---------------- Fall Color Rating (1-9)
‡ 
---------------- 
Chinese Common 3.2 e
§
 1.2 d 1.2 d 
Emerald 6.4 a 5.6 a 6.0 a 
Meyer 3.6 de 2.4 cd 2.0 bcd 
Zorro 7.2 a 6.4 a 6.6 a 
Exp1 5.0 bc 3.4 bc 2.8 b 
Exp2 5.4 b 4.0 b 2.4 bc 
Exp3 4.2 cd 4.0 b 1.6 cd 
Overall Mean 5.0 3.9 3.2 
†Meyer and Chinese Common (Z. japonica), Zorro (Z. matrella), Emerald (Z. japonica × Z. pacifica), Exp1 (Z. matrella × Z. 
japonica), Exp2 and Exp3 [(Z. japonica × Z. pacifica) × Z. japonica] 
‡Fall color was rated on a 1-9 scale (1 = straw brown, 6 = minimally acceptable color, and 9 = dark green). 
§Genotype means in the same column followed by a different letter are significantly different based on Fisher's least significant 
difference at P < 0.05. Means represent ratings from five replications on one rating date during the month.  
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Table 3.7. Spring green-up for zoysiagrass genotypes in 2011, and 2012. 
Genotype† 23 May 2011 2 April 2012 
 ---- Spring Green-up Rating (1-9)
‡ 
---- 
Chinese Common 8.0 a
§
 5.6 ab 
Emerald 2.6 cd 3.4 c 
Meyer 7.2 ab 6.4 a 
Zorro 1.2 d 1.8 d 
Exp1 3.6 c 2.8 cd 
Exp2 7.2 ab 5.8 a 
Exp3 5.8 b 4.2 bc 
Overall Mean 5.1 4.3 
†Meyer and Chinese Common (Z. japonica), Zorro (Z. matrella), Emerald (Z. japonica × Z. pacifica), Exp1 (Z. matrella × Z. 
japonica), Exp2 and Exp3 [(Z. japonica × Z. pacifica) × Z. japonica] 
‡Spring green-up was rated on a 1-9 scale (1 = straw brown, 6 = minimally acceptable color, and 9 = dark green). 
§Genotype means in the same column followed by a different letter are significantly different based on Fisher's least significant 
difference at P < 0.05. Means represent ratings from five replications on one rating date during the month.  
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Table 3.8. Carbon dioxide flux measurements conducted in July of 2010, 2011, and 2012. 
 Net Ecosystem Exchange
†
 Respiration
‡
 Gross Photosynthesis
§
 
Genotype
¶
 2010
#
 2011
#
 2012
#
 2010 2011 2012 2010 2011 2012 
 --------------------------------------------- μmol CO2 m
-2
 turf s
-1
 --------------------------------------------- 
Chinese 
Common 5.8
††
 3.5 5.9 9.5 4.2 7.1 3.4 0.8 1.8 
Emerald 4.5 1.6 7.3 9.2 2.4 10.6 5.2 1.1 0.9 
Meyer 7.8 3.2 4.6 10.6 4.6 5.3 0.1 1.7 1.0 
Zorro 5.9 2.5 4.1 8.2 3.6 5.6 2.1 1.6 1.3 
Exp1 7.7 3.5 4.2 7.3 4.7 6.2 0.1 1.1 2.0 
Exp2 5.0 3.6 8.1 6.0 6.5 9.5 3.8 3.1 2.1 
Exp3 4.2 2.6 6.2 7.9 3.2 7.3 4.2 1.3 1.2 
†
Net ecosystem exchange was measured with a sunlit chamber. This measurement contains gross photosynthesis and canopy and soil 
respiration (Pg – Rc – Rs). 
‡
Respiration represents were made by covering the chamber to eliminate light entering the chamber. This measurement represents 
canopy and soil respiration (Rc + Rs). 
§
Pg is gross photosynthesis and is calculated from the sunlit and shaded measurements (|sunlit-shaded|). 
¶
Meyer and Chinese Common (Z. japonica), Zorro (Z. matrella), Emerald (Z. japonica × Z. pacifica), Exp1 (Z. matrella × Z. 
japonica), Exp2 and Exp3 [(Z. japonica × Z. pacifica) × Z. japonica] 
#
Carbon dioxide exchange measurement dates were 22 July 2010, 14 July 2011, 27 July 2012 
††
Means are the least squares means.
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Figure 3.1. Monthly mean, maximum, and minimum air temperatures at the study site 
from June 2010 through October 2012. Circles represent the mean monthly air 
temperature. Bars represent the maximum and minimum temperatures for each month. 
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Appendix A - Using Infrared Thermometry to Calculate Canopy 
Stomatal Conductance to Water Vapor from Tall Fescue (Festuca 
arundinacea Schreb.) Turfgrass 
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 Introduction 
Leaf or plant canopy temperature can be an indicator of plant water status. Stomata 
control the conductance of water from the leaf to atmosphere. When a plant is not stressed, water 
evaporates from the leaf's interior and exits through stomata, cooling the plant in a process called 
transpirational cooling. Measuring the temperature of a plant can help researchers understand 
and quantify the transport of energy from leaf to atmosphere. 
Obtaining a temperature of the canopy, or leaf, can be done with thermocouples. 
However, this technique requires the thermocouple to be in direct contact with the leaf and does 
not provide an accurate representation of the entire leaf or canopy (Tanner, 1963). An infrared 
thermometer (IRT) can measure the temperature of multiple leaves in a canopy, eliminating the 
problems associated with thermocouple measurements. Infrared thermometers measure the 
canopy temperature based upon received thermal radiation in the 8 to 14 μm range (Jackson et 
al., 1980). Advantages of using infrared thermometers are their ease of use to collect rapid 
temperature measurements, they are nondestructive, and they can integrate the temperature over 
a large area (Kirkham, 2005). 
The thermal radiation observed by the IRT has two components: radiation emitted from 
the canopy and reflected radiation (Blonquist et al., 2009). Observation of a temperature without 
correcting for these two components will result in an erroneous temperature observation. 
Correction of the brightness temperature, measured directly by the IRT, for surface thermal 
emissivity (ε) and reflected radiation (1-ε) is necessary (Fuchs and Tanner, 1966). Thermal 
emissivity is calculated as the actual radiation emitted by an object divided by the theoretical 
maximum radiation emitted (blackbody radiation) and is typically 0.95 to 0.97 for green plants 
(Tanner, 1963). Therefore, the thermal radiation detected by the IRT is: 
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 EIRT = εEcanopy + (1-ε)Esky [1] 
where EIRT is the thermal radiation detected by the IRT, Ecanopy is the emitted energy from the 
canopy, and Esky is the emitted energy from the sky. Stefan's Law , E = εσT
4
, is used to convert 
the measured energy, E, from the IRT to a temperature, T. Rewriting Eq. 1 to include the Stefan-
Boltzman constant (σ), 5.67 x 10-8 W m-2 K-4, yields: 
 σEIRT = σεEcanopy + σ(1-ε)Esky [2] 
which can then be solved for canopy temperature: 
 
 
4
4
sky
4
IRT
c
ε
Tε1T
T

  [3] 
where Tc, TIRT, and Tsky are canopy, IRT, and sky temperature, respectively, all in K. For a 
thorough review and explanation of Eqs. 1-3 and associated terminologies, see Norman and 
Becker (1995), Campbell and Norman (1998), or Blonquist et al. (2009). 
Plant temperature is an indicator of plant water status. In theory, water-stressed plants 
stomata will close; transpirational cooling will slow or cease, and plant temperature will rise. 
Infrared thermometers can be used to measure the plant canopy's temperature accurately, and 
with additional meteorological data, plant response, such as stomatal conductance, can be 
calculated. Pinter et al. (1979) used infrared thermometry to detect plant stress due to root-rotting 
fungi. Others have used the IRT measured canopy temperature to create a stress-degree-day 
index, canopy minus air temperature, or canopy to air vapor pressure deficit (Idso et al., 1980; 
Idso et al., 1981; Idso et al., 1982; Jackson et al., 1981; Kirkham et al., 1983). The most common 
index that has been developed using infrared canopy temperature is the crop water stress index 
(Jackson et al., 1981; Idso et al., 1982; Wang et al., 2005) which is often used to create more 
efficient irrigation scheduling (Pinter and Reginato, 1982; Alves and Pereira, 2000; Irmak et al., 
2000). 
91 
 
Infrared thermometry may also be used to estimate energy fluxes, which is an important 
component for determination of stomatal conductance. Norman et al. (1995) proposed a two-
source model to estimate latent and sensible heat fluxes using surface temperature. This model 
has predicted heat fluxes very well (Zhan et al., 1996) and has gone through refinement over the 
years for partial canopy cover (Kustas and Norman, 1999; Kustas and Norman , 2000) and use 
for satellite remote sensing (Kustas and Norman, 1997).  
Recently, Blonquist et al. (2009) developed a canopy stomatal conductance model using 
infrared temperature obtained with an IRT. In addition to canopy temperature, their model 
utilized commonly measured meteorological variables, air temperature, barometric pressure, 
relative humidity, net radiation, and wind speed along with a measurement of plant canopy 
height. Their canopy stomatal conductance equation is: 
 
    
      acphnncBascv
acphnncBv
c
TTCgARPeeλg
TTCgARPg
g


  [4] 
where gv is boundary layer water vapor conductance (mol m
-2
 s
-1
), gh is boundary layer heat 
conductance (mol m
-2
 s
-1
), Cp is the heat capacity of air (29.17 J mol
-1
 C
-1
), Tc is aerodynamic 
canopy temperature (C), Ta is air temperature (C), P is atmospheric pressure (kPa), ea is vapor 
pressure (kPa), esc is saturation vapor pressure at Tc (kPa), An is net assimilation (W m
-2
), Rnc is 
net radiation divergence in the canopy (W m
-2), and λ is latent heat of vaporization (J mol-1). This 
approach treats the canopy as a "big-leaf" (Baldocchi et al., 1991; Blonquist et al., 2009). The 
commonly used Penman-Monteith equation is an example of a big-leaf approach. There has been 
concern that big-leaf models may not provide physiological values of canopy conductance 
(Monteith, 1981). However, Furon et al., (2007) examined the Penman-Monteith equation and 
found big-leaf resistance to be similar to canopy resistance from scaled-up leaf resistance. 
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If one assumes the IRT is observing only plant canopy and no underlying soil or non-
green vegetation, canopy temperature, Tc, in Eq. 4, the radiometric temperature, can be 
considered equal to the aerodynamic temperature of the canopy. The definition of aerodynamic 
and radiometric temperatures should be clarified. Aerodynamic temperature cannot be measured 
directly and must be calculated using knowledge of sensible heat flux as it is influenced by soil 
and underlying leaves. The radiometric temperature is the measured temperature of the surface. 
Aerodynamic and radiometric temperatures may be different values, especially under sparse 
canopies. If underlying soil or non-green vegetation is in the field-of-view of the IRT, Tc should 
be corrected using a dual angle correction (Kustas and Norman, 1997). 
Sensitivity analysis of Eq. 4 showed that gc was highly sensitive to small changes in 
canopy and air temperature (Blonquist et al., 2009). This highlights the importance of making 
accurate canopy and air temperature measurements. Stomatal conductance measurements were 
also sensitive when conducted under cloudy, cool, and humid conditions. The stomatal 
conductance model will likely not function properly in environments or climates with 
predominate cloudy, cool, and humid conditions. Blonquist et al. (2009) compared gc calculated 
from Eq. 4 to potential stomatal conductance (gcp) in alfalfa (Medicago sativa L.) and turfgrass 
(Poa pratensis L.) and found gc:gcp to range from 0.5 to 1. After irrigation or rainfall the ratio 
was at or near 1. They were able to observe stomatal response to drydown and precipitation, 
giving support for the ability of this model to be used for continuous calculation of gc (Blonquist 
et al., 2009). 
Objective 
The objective of this study was to adapt the model presented by Blonquist et al. (2009) to 
a turfgrass setting for calculation of stomatal conductance and transpiration.  
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 Model Procedure 
The canopy stomatal conductance model is very sensitive to accurate measurement of 
canopy temperature (Blonquist et al., 2009). Radiometric canopy temperature was calculated 
from Eq. 3 using the Tsky model from Blonquist et al. (2009). Emissivity of the grass was 
assumed to be 0.97. This calculated canopy temperature assumes that the IRT sees only green 
vegetation and no underlying soil. In most turfgrass settings, this assumption should be met. 
However, the presence of senesced leaves in the IRT viewing area could contribute to canopy 
temperature deviation between aerodynamic and radiometric temperature, much like soil. To 
overcome this issue, radiometric temperature calculated from Eq. 3 can be corrected by using the 
dual-angle, 0° and 50°, radiometric temperature formulation described by Kustas and Norman 
(1997). Assuming that the turfgrass canopy is random and has a spherical leaf angle distribution, 
the turfgrass canopy fraction in the field of view of the IRT, f(θ), and fraction of vegetative 
cover, fc, are calculated as: 
 
  




 

cosθ
0.5LAI
exp1θf
, and [5] 
 
 0.5LAIexp1f c  , [6] 
where θ is IRT zenith angle, 50°, and LAI is leaf area index, assumed to be 4 m-2 leaf m-2 soil. 
Soil temperature, e.g. non-green vegetation, can then be calculated as: 
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, [7] 
and a corrected canopy temperature can be calculated as: 
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where TIRT, Ts, and Tc are in K. 
Net radiation divergence between the canopy and soil can be calculated using Beer’s 
Law: 
 

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
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2cosθ
kLAI
exp1RR nnc
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 
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

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2cosθ
kLAI
expRR nns  [10] 
where θ is the solar zenith angle, Rn is net radiation, and k is an extinction coefficient based on 
solar zenith angle. The value of the extinction coefficient is k = 0.60 where θ < 30°, and k = 0.45 
where θ > 30° (Kustas and Norman, 1999). 
The canopy stomatal conductance equation requires knowledge of soil heat flux and net 
assimilation. Soil heat flux can be estimated according to Friedl (1996) as: 
 
cosθ0.35RG ns   [11] 
where G is soil heat flux in W m
-2
. Net assimilation is: 
 sn
0.01RA 
 [12] 
where An is net assimilation, W m
-2
, and the coefficient 0.01 is the estimated quantity of 
shortwave radiation used for photosynthesis (Campbell and Norman, 1998; Blonquist et al., 
2009). 
The boundary layer conductance terms, gh and gv, are based upon the wind speed, 
humidity, and temperature profile curves described by the Monin-Obukhov Similarity Theory 
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(Monin and Obukhov, 1954). Boundary layer conductance to heat and water vapor are often 
considered equal. Therefore, gh and gv are calculated as: 
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where zu and zta are heights of wind speed and air temperature measurements, k is von Karman’s 
constant, assumed to be 0.40, and Ψm and Ψh are stability parameters for momentum and heat 
transfer. The displacement height, d, is calculated as 0.65 × h (Shaw and Pereira, 1982), where h 
is the canopy height in m (i.e. mowing height, 0.10 m in this study). The roughness lengths for 
momentum, zm, is zm = 0.125 × h (Shaw and Pereira, 1982), and heat transfer, zh, is zh = 0.2 × zm 
(Campbell and Norman, 1998). The gh and gv terms calculated form Eq. 13 do not include the 
leaf boundary layer (Blonquist et al., 2009). Therefore, leaf boundary layer conductance for heat 
and water vapor were calculated from Campbell and Norman (1999) as: 
 
d
u
0.135g h  , and [14] 
 
d
u
0.147g v  , [15] 
where u is wind speed and d = 0.75 × average leaf width (m), and added to gh and gv calculated 
from Eq. 13 before inclusion in Eq. 4. 
The stability parameters require knowledge of the Obukhov length (L), friction velocity 
(u*), and virtual heat flux (Hv). Therefore, an iterative approach is necessary to solve for the 
stability parameters and boundary layer conductance terms. The equations used to solve L, u*, 
and Hv are: 
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 EC0.61THH pav  , [18] 
where T is air temperature (K), k is the acceleration due to gravity (9.81 m s
-1
), H is sensible heat 
flux (W m
-2
), and E is evaporation (mol m
-2
 s
-1
). Evaporation is calculated by dividing latent heat 
flux, LE in W m
-2
, by the latent heat of vaporization. 
Sensible and latent heat fluxes may be calculated using a single-source or two-source 
approach (Norman et al., 1995; Kustas and Norman, 1999). Using the single-source approach 
assumes that the radiometric temperature of the canopy is equal to the aerodynamic temperature. 
Using this approach, sensible heat flux is calculated as: 
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where ga is the aerodynamic conductance. Latent heat flux can then be calculated as the residual 
of the energy balance equation: 
 nn A-HGRLE  , [21] 
forcing closure of the energy balance equation. 
Calculation of sensible and latent heat fluxes using the two-source approach, sensible 
heat flux of the canopy (Hc) and soil (Hs) are calculated as: 
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   aacpc gTTρCH  , and [22] 
   saasps ggTTρCH  , [23] 
where gs is the soil-surface conductance calculated using the method described in Appendix B of 
Norman et al., (1995). Latent heat flux of the soil (LEs) is calculated as the soil energy residual: 
 snss
HGRLE 
. [24] 
Latent heat flux of the canopy (LEc)can be calculated as the canopy energy residual: 
 cncc HRLE  , [25] 
or by using the Priestley-Taylor approximation (Norman et al., 1995): 
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γΔ
Δ
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 [26] 
where α is the Priestley-Taylor parameter, Fg is the fraction of LAI that is “green”, Δ is the slope 
of the saturation vapor pressure curve at Tc, and γ is the psychrometric constant. 
The stability parameters for stable (L > 0) and unstable (L < 0) conditions can now be 
calculated. Under stable conditions, the stability parameters are calculated according to (Holtslag 
and De Bruin, 1988; Beljaars and Holtslag, 1991) as: 
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where the constants used are A = 1, B = 0.667, C = 5, and D = 0.35. The stability parameters for 
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unstable conditions are calculated according to (Businger et al., 1971; Dyer, 1974; Hogstrom, 
1988) as: 
 
2
πχ 2arctan 
2
χ1
ln
2
χ1
2lnΨ m
2
mm
m 






 





 
 , [30] 
 







 

2
χ1
2lnΨΨ
2
h
hv
, [31] 
 
0.25
m
L
dz
161χ 










 

, and [32] 
 
0.5
h
L
dz
161χ 










 

. [33] 
Under neutral conditions, |L| > 100, the stability parameters can be considered negligible (Ham, 
2005). Equations 13 through 33 can be solved iteratively beginning by assuming some instability 
(e.g. L = -10) and continuing the iteration until L converges (Blonquist et al., 2009). 
Transpiration water loss, CONDT, can be calculated using gc and gv to calculate gt, total 
water vapor conductance. See Example 6.1 in Campbell and Norman (1998) and McDermitt 
(1990). Using these examples for a 30-minute time step, gt and CONDT can be calculated as: 
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where a is 0.018 kg H2O mol
-1
 H2O and 1800 is the number of seconds in a 30-minute period.  
99 
 
 Field Data Collection 
Data were collected on 42 precipitation-free days within a sward of tall fescue (Festuca 
arundinacea Schreb.) turfgrass, beginning in June 2012 at the Rocky Ford Turfgrass Research 
Center at Manhattan, KS. Soil type was a Chase silt loam (fine, montmorillonitic, mesic, Aquic, 
Argiudoll). The turfgrass was maintained at 10 cm mowing height. Irrigation was applied to 
prevent drought stress and to ensure that measurements were made under non water-limiting 
conditions. 
A weather station at the site recorded meteorological variables necessary for model input. 
Air temperature and relative humidity were obtained using a platinum resistance thermometer 
and capacitive chip, respectively, (HMP50, Vaisala, Inc., Helsinki, Finland). Wind speed and 
direction were obtained with a two-dimensional sonic anemometer (WindSonic1, Gill 
Instruments Ltd., Hampshire, England). Incoming shortwave radiation was measured with a 
pyranometer (SP110, Apogee Instruments, Inc., Logan, UT).Net radiation, was measured using a 
net radiometer (NR-Lite, Kipp & Zonen, Inc., The Netherlands). All meteorological data were 
recorded at 1 Hz on a CR1000 (Campbell Scientific, Inc., Logan, UT) datalogger and stored at 
30-minute intervals. Three infrared radiometers (SI-111, Apogee Instruments, Inc., Logan, UT) 
were used to measure canopy temperature. Radiometers were installed at 1.5 m height, aimed in 
the compass directions, east, west, and south, with a view angle of 50° from nadir. A fourth 
radiometer was installed vertically, 0° from nadir, over the turf surface.  
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 Model Output 
Comparison of Single-Source and Two-Source Approach 
There are two approaches, single-source or two-source, to solve the energy balance for 
the canopy stomatal conductance model. To compare these two approaches for estimating 
sensible and latent heat fluxes, Eq. 19-21 were used for the single-source approach and Eqs. 22-
25 were used for the two-source approach. Both approaches close the energy balance equation. 
In either approach, LE or LEc could be calculated using the Priestley-Taylor approximation (Eq. 
26). Using the single-source approach and the Priestley-Taylor approximation, one would 
assume that LEs is negligible. Under most turfgrass situations this may be an acceptable 
assumption, however, under well watered conditions, LE from the soil may be a significant 
contributor to total LE.  
Analysis of these two approaches shows that sensible and latent heat flux values 
produced are nearly identical. Mean sensible and latent heat fluxes were 24 and 280 W m
-2
, 
respectively, for the single-source approach and 26 and 284 W m
-2
, respectively for the two-
source approach. Correlation of the single-source and two-source approach using daytime (Rn > 
0) only data resulted in a Pearson correlation coefficient of approximately 1.0 for both sensible 
(y = 1.04x + 0.98) and latent (y = 1.01x + 1.70) heat flux. The high correlation coefficient is 
surprising. However, in a healthy turfgrass stand the canopy is completely closed and should 
consist almost entirely of green leaves. The two-source approach may be slightly more precise in 
accounting for senesced leaves, however, the difference between the two approaches should be 
considered negligible. 
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Canopy Stomatal Conductance Results 
Canopy stomatal conductance and meteorological variables, air and canopy temperature, 
wind speed, and vapor pressure deficit of the canopy to air, are presented for 28 June 2012 (Fig. 
A.1) and 5 Sept. 2012 (Fig. A.2). On 28 June maximum gc was 0.63 mol m
-2
 s
-1
 at 1430 h. 
Blonquist et al. (2009) reported similar values at mid-day during mid August at Logan, UT. 
However, they observed much greater mid-day values, ~1.3 - 1.4 mol m
-2
 s
-1
, on days where the 
turfgrass was irrigated the previous night. The greater availability of water in the soil may have 
resulted in greater conductance observed after the irrigation. Our study site was irrigated on 24 
June and 3 Sept. On 5 Sept. canopy and air temperatures were lower than on 28 June (Figs. A.1, 
A.2). Interestingly, canopy temperature was well above air temperature most of the day. Canopy 
stomatal conductance was much lower on 5 Sept. than on 28 June. Maximum gc on 5 Sept. was 
only 0.29 mol m
-2
 s
-1
 at 1000 h. Lower stomatal conductance and a lower drying power of the 
atmosphere may prevent canopy temperature from cooling as effectively as it did on 28 June, 
causing the larger canopy to air temperature difference observed on 5 Sept. than on 28 June. 
The gc model performs well but there are areas where much improvement or validation is 
needed. The model is most sensitive to measures of air and canopy temperature. Validation of 
the Tc calculation is needed, most notably a valid Tsky model for Manhattan, KS. Additionally, 
assumptions for the use of Beer's Law spherical leaf angle distribution should be investigated 
further. 
Observations of the output indicate that during the hours near sunrise and sunset, gc 
determination can be difficult to calculate. This is likely due in part to rapid changes in 
meteorological variables, such as temperature and solar radiation, which occur at sunrise and 
sunset. Also during these hours, it is very possible for dew formation to occur on the turfgrass. 
This would result in the IRT observations to be incorrect, likely an uncorrectable situation. 
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Conclusions 
Overall, this model, with further validation, should perform well in turfgrass settings and 
provide researchers a valuable tool. The capabilities of this model could be used to: 
 decouple evaporation and transpiration from ET measurements, 
 identify and quantify turfgrass stress (due to stomatal closure) among treatments, 
 study drought tolerance or water use efficiency of turfgrasses, 
 model photosynthesis (CO2 conductance is related to H2O conductance), or 
 aid irrigation management. 
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Figure A.1. Hourly canopy stomatal conductance, air temperature, canopy 
temperature, wind speed, and vapor pressure deficit of canopy temperature 
on 28 June 2012. 
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Figure A.2. Hourly canopy stomatal conductance, air temperature, canopy 
temperature, wind speed, and vapor pressure deficit of canopy temperature 
on 5 September 2012. 
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Appendix B - Summary of Environmental Variables 
Table B.1. Average Daytime (Rn > 0) Net Radiation, Air Temperature, Wind Speed, 
Relative Humidity, and Vapor Pressure Deficit from Evapotranspiration Comparison 
Study 
Year DOY Net 
Radiation 
Air 
Temperature 
Wind 
Speed 
Relative 
Humidity 
Vapor Pressure 
Deficit 
  W m
-2
 °C m s
-1
 % kPa 
2010 188 93 24.7 1.3 81 0.6 
2010 189 164 24.6 2.2 74 0.8 
2010 190 339 25.4 1.5 61 1.4 
2010 191 358 28.3 2.6 58 1.7 
2010 192 360 29.0 2.2 64 1.6 
2010 193 160 25.0 2.4 77 0.8 
2010 194 417 31.1 4.3 66 1.6 
2010 224 373 35.2 2.7 41 3.6 
2010 226 324 29.9 1.7 60 1.8 
2010 227 262 26.8 1.8 46 2.0 
2010 228 300 27.3 2.2 50 1.9 
2010 260 314 26.6 2.4 61 1.5 
2010 261 268 26.3 2.1 66 1.3 
2010 262 258 20.9 1.3 71 0.8 
2010 263 361 30.9 5.1 43 2.6 
2010 264 233 28.1 3.8 59 1.6 
2010 287 232 18.7 3.1 44 1.5 
2010 288 250 19.8 2.0 38 1.6 
2010 289 225 22.5 2.0 40 1.7 
2010 290 254 19.7 2.6 36 1.5 
2010 291 187 17.1 3.3 40 1.3 
2010 292 176 15.1 1.4 45 1.0 
2011 136 412 17.8 1.8 38 1.4 
2011 142 367 24.4 3.4 46 1.7 
2011 143 325 23.8 1.9 56 1.4 
2011 179 404 25.7 2.6 47 1.8 
2011 180 397 31.1 3.6 53 2.3 
2011 181 419 35.0 4.2 36 3.7 
2011 182 387 33.3 3.9 39 3.4 
2011 183 334 29.1 2.9 59 1.7 
2011 185 373 28.3 1.9 64 1.5 
2011 235 359 33.6 2.3 44 3.1 
2011 236 341 31.7 3.7 49 2.5 
2011 237 336 26.8 1.7 43 2.1 
2011 238 347 29.3 1.9 42 2.7 
2011 239 326 39.6 2.3 51 2.2 
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Year DOY Net 
Radiation 
Air 
Temperature 
Wind 
Speed 
Relative 
Humidity 
Vapor Pressure 
Deficit 
  W m
-2
 °C m s
-1
 % kPa 
2012 177 371 30.5 2.3 59 1.9 
2012 178 385 31.3 3.6 55 2.2 
2012 179 405 35.1 4.4 41 3.5 
2012 180 400 34.5 3.0 38 3.6 
2012 181 391 34.0 3.1 34 3.6 
2012 191 140 25.1 2.6 63 1.2 
2012 192 381 27.9 2.9 46 2.2 
2012 193 399 29.6 1.5 44 2.5 
2012 194 383 32.4 1.7 37 3.2 
2012 201 378 33.2 1.7 43 3.2 
2012 202 388 31.6 2.1 45 2.8 
2012 203 413 32.6 2.1 40 3.1 
2012 204 336 34.1 2.1 33 4.0 
2012 205 377 35.0 3.0 32 4.0 
2012 213 327 32.9 2.1 40 3.2 
2012 217 203 25.7 2.8 61 1.3 
2012 218 383 27.5 2.0 42 2.3 
2012 219 316 30.7 1.9 34 3.2 
2012 220 194 31.1 1.5 39 2.9 
2012 222 349 26.7 3.8 48 1.9 
2012 223 350 24.6 2.8 42 2.0 
2012 233 328 26.4 1.4 32 2.6 
2012 234 355 29.9 1.6 27 3.3 
2012 235 331 29.9 3.9 31 3.1 
2012 240 365 29.5 1.6 51 2.1 
2012 241 296 27.6 1.8 50 2.2 
2012 242 346 30.7 2.2 41 2.8 
2012 243 304 30.4 1.5 40 3.0 
2012 248 340 31.5 1.5 49 2.6 
2012 249 370 29.3 3.0 47 2.2 
2012 253 309 20.9 2.0 46 1.5 
2012 254 338 25.6 3.6 37 2.2 
2012 255 342 29.6 5.1 28 3.1 
2012 265 329 23.6 3.2 30 2.1 
2012 266 276 15.8 3.3 36 1.2 
2012 267 290 18.0 2.6 33 1.5 
2012 268 218 21.4 1.9 50 1.3 
2012 269 230 23.2 1.4 57 1.3 
2012 273 272 20.3 1.7 45 1.4 
2012 274 182 20.7 0.9 52 1.3 
2012 275 217 18.7 3.9 53 1.1 
2012 276 284 17.9 1.8 39 1.4 
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Appendix C - Summary of Daily Evapotranspiration Values 
Table C.1. Summary of Daily Evapotranspiration Values from Evapotranspiration 
Comparison Study 
Year DOY Lysimeter FAO56-
PM 
Priestley-
Taylor 
Atmometer Eddy 
Covariance 
Conductance 
Model 
  ---------------------------------- mm ET d
-1
 ---------------------------------- 
2010 188 0.91 1.58 1.87 1.27 2.76 - 
2010 189 2.86 2.11 2.59 2.12 2.70 - 
2010 190 6.63 5.75 7.61 4.74 8.16 - 
2010 191 6.10 5.60 6.44 4.83 6.31 - 
2010 192 6.50 5.70 7.14 4.91 7.10 - 
2010 193 4.55 2.55 3.09 2.20 3.40 - 
2010 194 8.55 5.54 6.47 4.23 6.64 - 
2010 224 8.34 7.71 7.22 8.38 6.52 - 
2010 226 2.95 5.03 5.97 5.25 5.96 - 
2010 227 5.45 3.94 4.47 4.32 4.81 - 
2010 228 2.54 4.46 4.92 4.06 5.23 - 
2010 260 3.74 4.17 4.87 3.56 4.78 - 
2010 261 3.96 3.58 4.24 4.06 4.08 - 
2010 262 3.48 2.95 4.02 2.54 4.27 - 
2010 263 6.69 5.70 4.53 5.21 3.84 - 
2010 264 3.74 3.83 3.18 3.81 3.02 - 
2010 287 2.87 3.45 3.18 1.40 3.53 - 
2010 288 2.97 3.16 3.07 2.67 2.87 - 
2010 289 3.30 3.50 3.21 3.68 2.20 - 
2010 290 3.24 2.78 2.72 2.54 2.81 - 
2010 291 2.54 2.90 2.22 2.29 1.72 - 
2010 292 2.01 2.30 2.44 2.03 1.36 - 
2011 136 4.72 4.72 5.89 3.68 6.90 - 
2011 142 6.25 6.61 7.37 4.70 8.24 - 
2011 143 4.56 4.84 6.06 4.74 6.25 - 
2011 179 6.99 6.05 7.05 4.49 7.35 - 
2011 180 8.19 7.93 7.95 6.52 7.81 - 
2011 181 9.62 8.96 7.75 7.70 7.17 - 
2011 182 10.29 9.58 8.55 8.13 8.26 - 
2011 183 6.39 5.49 6.12 4.40 6.37 - 
2011 185 4.63 5.72 7.31 4.32 7.45 - 
2011 235 6.34 5.85 6.57 5.42 6.26 - 
2011 236 7.82 6.13 6.17 4.74 8.50 - 
2011 237 6.06 4.63 5.49 4.06 5.35 - 
2011 238 6.52 5.32 5.88 4.83 5.61 - 
2011 239 7.32 5.39 6.07 4.66 6.20 - 
2012 177 5.74 6.40 7.46 5.67 - 5.14 
2012 178 6.45 7.41 7.42 6.10 - 5.43 
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Year DOY Lysimeter FAO56-
PM 
Priestley-
Taylor 
Atmometer Eddy 
Covariance 
Conductance 
Model 
  ---------------------------------- mm ET d
-1
 ---------------------------------- 
2012 179 8.07 9.43 8.13 8.21 - 7.02 
2012 180 7.74 8.81 7.99 8.64 - 6.51 
2012 181 5.95 8.59 7.46 8.30 - 6.28 
2012 191 3.21 2.73 2.42 2.54 - 1.98 
2012 192 7.76 6.98 7.45 5.67 - 5.52 
2012 193 6.64 6.19 7.32 6.01 - 5.20 
2012 194 6.73 6.04 6.93 6.18 4.82 5.27 
2012 201 7.69 7.05 7.80 7.11 7.52 5.93 
2012 202 7.29 6.57 7.58 6.18 7.66 5.62 
2012 203 6.89 6.23 7.14 5.93 6.58 5.40 
2012 204 8.60 7.70 7.80 7.79 7.42 6.55 
2012 205 9.89 8.98 7.87 8.81 7.44 6.56 
2012 213 6.78 5.88 6.20 5.84 6.10 4.90 
2012 217 3.88 3.11 3.26 2.96 3.90 2.47 
2012 218 6.59 5.50 6.58 4.91 7.22 4.81 
2012 219 7.29 6.08 6.36 5.93 6.45 5.13 
2012 220 4.77 3.69 3.61 4.23 3.26 3.17 
2012 222 7.19 5.98 6.20 4.49 6.97 4.67 
2012 223 7.23 5.88 6.35 4.66 6.33 4.66 
2012 233 5.12 5.04 5.83 4.74 6.32 3.81 
2012 234 5.53 5.41 6.02 5.59 5.63 4.11 
2012 235 6.60 7.15 5.84 5.93 5.60 4.01 
2012 240 4.75 4.38 5.57 3.98 5.90 3.58 
2012 241 5.37 5.02 5.63 4.23 5.34 4.90 
2012 242 6.08 5.07 5.64 4.49 5.13 4.11 
2012 243 6.50 5.42 6.13 5.25 6.31 4.53 
2012 248 5.78 5.39 5.57 5.50 5.54 3.36 
2012 249 5.85 5.22 5.36 4.57 4.96 3.49 
2012 253 4.53 3.56 4.27 3.05 5.11 2.55 
2012 254 5.75 5.79 5.17 4.40 4.86 3.67 
2012 255 7.92 7.50 5.26 6.10 4.78 4.04 
2012 265 5.57 4.41 4.24 3.30 3.60 2.97 
2012 266 4.86 3.97 4.02 3.64 4.72 2.64 
2012 267 4.22 3.56 3.62 2.46 4.62 2.42 
2012 268 2.96 2.54 2.68 2.03 3.37 1.81 
2012 269 1.56 2.28 2.65 2.03 2.65 1.77 
2012 273 3.93 2.86 3.37 2.46 3.94 2.22 
2012 274 2.34 2.10 2.51 2.12 2.78 1.58 
2012 275 4.48 3.35 2.92 2.46 2.71 1.97 
2012 276 3.44 2.88 3.39 2.71 4.01 1.92 
 
